| 


Zz 
|Z 


‘gi 

crea 


papers discussions of current be submitted to 
Manager of Technical Publications, ASCE. Authors should indicate the technical 
_ division to which the paper is referred. The final date on which a discussion should _ 
Ie each the Society is given as a footnote with each paper. Those who are planning 
~ to submit material will expedite the review and publication procedures by comp! 
ing with the following basic requirements: 


Titles must have a length not exceeding 50 characters and spaces 


wo 2. A-summary of approximately 50 words must accompany the paper, a 300- 
w 


ord | synopsis must precede it, and a set of conclusion must end it. aie 
(an Original ribbon p 


. The author's full name, Society membership footnote refere 


stating present employment must appear on the first page of the paper ila 
Mathematics are recomposed from the copy that is Because 
t is necessary that letters be drawn c arefully, and that ‘special symbols be > 
perly identified. The letter s symbols used ‘should be defined where they first ze 


in ‘the illustrations or in the text, and arranged in 


‘ 
te 


tions and 


n in black ink n one side of 84- 4nch by 1 inch 
2 paper. Because illustrations will be reproduced with a width of between 3-inches 
and 4%-inches, the lettering must be large enough to be legible at this width. es 

: _ Photographs should be submitted as glossy prints. Explanations and Cuagie 


8. The desirable ; 
absolute maximum is 18,000 words As an ‘approximation, e 
text, table, or illustration is ¢ he equivalent of 300 words. © 


‘Technical papers intended for publicatio: 


10, The author should distinguish a ‘list of Reading References’ 
. “Bibliography,” which would encompass ¢ the subject of his paper. Bat 


7 


Reprints from this Journal may be made on full title, name 
author, name of publication, page reference, and date of publication by the © 

- Society are given. The Society is not he amma for any statement made or opinion — 


This ‘Journal is monthly we 
ngineers. Publication office is at 2500 South State Street, Ann Arbor, Michigan. rd 
_ Editorial and General Offices are at 33 West 39 Street, New York 18, New York. 
$4.00 of a member’ s dues are asa to this Journal. Second- 


— 
— 
— 
— 
— 
copies) on one side of by 11-<nc 
t be made in the text for each table 
12,000 words and de. 
— ach full page of typed 
— 
— — 
— 
| 
— — 
— 
— 
— 


e lé | f | 


2ngineers 


= 


"Elmer K, Timby, Board Contact Member 
COMMITTEE ON PUBLICATIONS © 


of 


"Philosophical Aspects of Structural every 


by J. 

Steel | Frame Folded P Plate Root. 


oy 


The three preceding issues of 

and April 1961. 


_ 
Nathan D. Whitman, Jr., Vice Chairman; 
“Hall; Roy G. Johnston; William T. K. May; William — 
William J. Hall; Roy G. Johnston; Wi - 
— 
: 
a 
— 
Copyr r of the Structural 
4 
— = | — 
— — 


Properties of Steel and Concrete and the Behavior 
Structures, by George Winter. (February, 1960. 
June, July, August, December, 1960. 


Italian Arch Dam Design and Model Confirmation, by 
Guido Oberti. Qdarch, , 1960. Prior discussion: 
October, 1960. Discussion closed. ) 
by Guido o Oberti i (closure) 


“The Impact of Computers on Education, 

Gordon P. Fisher. (April, 1960. Prior 
1960. Discussion closed.) | 


‘by Gordon P. Fisher - (closure) . . 


1960. "Discussion closed.) 


_ Discontinuity Stresses in Beams on Elastic Foundations, by 


Joseph Penzien. (April, 1960. Prior r discussion: January, 


1961. Discussionclosed.) 


Joseph Penzien (closure). 


Joseph J. Bonasia. ore” 1960. 0. Prior disey discussion: 


Influence of Partial Base Fixity on Frame Stability, = 
Theodore V. Galambos. (May, 1960. Prior "discussion: 


of on Steel-Concrete Beams, 
‘Iwan M. Viest. (June, 1960. Prior discussion: September, 


— 
— 
a 
51 
9 
— 
| 
— 


Long Span Prestressed Concrete Folded Plate Roofs, 


John C. Brough Jr., and B. H. Stephens, Jr. (October, 1960. 
Prior discussion: April, 1961. Discussion closed.) 


Hubert Woods. 1960. Prior discussion April, 


1961. Discussion closed.) 
by Hubert Woods (closure). 


Principle of Virtual Work in Structural by 
Frank Di Maggio. (November, 1960. Prior ‘discussion: April, 


Digest of the Guide to Design Criteria for Metal in. 


Members, by Bruce G. Johnston. (April, 1960. Prior discussion: 
"4 July, 1960. Discussion closed.) 
Bruce G. Johnston (closure). 


- Movements of a Cable Due to Change in Loading, by James 
-Michalos and Charles Birnstiel. (December, 1960. anes, 


discussion: None. Discussion closed. een am 

Periods o of Framed Earthquake by 
-Mario G, Salvadori and Ewald Heer. (December, 1960. — 
discussion: March, April, 1961. Discussion closed.) 


A. Eremin .... 
‘Tentative Recommendations for the Design and Construction 


of Composite Beams and Girders for ‘Buildings, the Joint 
-ASCE- -ACI Committee on Compositie Construction. (December, 


1960. discussion: February, 1961. Discussion closed.) 
Structural Model Analysis by Means of Moire Fringes, by 
A. J. Durelli and J. M. Daniel. 1960. 
discussion: None. Discussion closed.) 
by Dz ‘A. ‘Pletta and J. H. Sword 
Static and D Dynamic Analysis of Guy Cables, by Donald 
‘Dean. (January, 1961. Prior discussion: April, 1961. 
Discussion closed. ) 


by A. G. Davenport. 
“Analysis of Structures by Combining Redundants, by R. Gill is ; 
and K. Gerstle. (January, 1961. Prior discussion: April, 


Recent Trends in Ultimate Strength Design, rm Phil M i 
_ Ferguson. | (January, 1961. Prior discussion: ‘April, 1961. 


by C. Berwanger . 


— 
im 
a 
— 
= 
105 
— 
— 


Strength and Design of Metal Beam-Columns, by 


mia 
‘ahha, 
2p 


— 
il, 1961. Prior discussion: None. 
— 
tm 


June, 1961 


STRUCT 


Proceedings of the American Society of Civil Engineers _ 


PHILOSOPHICAL ASPECTS OF STRUCTURAL DESIGN 


- Presented herein are some philosophical aspects of structural design, , such 
as concepts of safety, difference between the required and the available safety — 
fac ctor, -mechanistic criteria of design, and soon. Also included are oe 
examples on the statistical approach to design and performance control in 


INTRODUCTION 


Structural “design is a complicated and involved of the general 
philosophy of structural engineering. Since about 1940 much effort was spent. 
in examining the fundamental concept of structural safety that dominates the © 
design problem to such an extent that it almost ee itself with the con-— 
of structural design, 
Such efforts have begun to bear results. 1 Various concepts bi based on the 
4 theory of probability and that of statistics are > Suggested, and some workable 
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embodying such concepts. are 2, 3, 4, 5,6, 1, 8, 9, 10 Neverthe- 4 
~— , activities are still confined to the design procedure | itself, < and few at- — 
‘tempts have been made to examine the relation “design” to r aspects 


of the general design philosophy. = = 
‘Design, being a process of making about various kinds of 


certain phenomena, is necessarily statistical in nature. The engineer in the , 
‘= misled by the factor of safety, more aptly | called the factor of ignorance, e 
was indeed ignorant of the essence of the design problem. It is, therefore, 
desirable to revive a correct evaluation of the entire problem, The word 
“revive” is used because the engineering pioneers in introducing a a safety — 
factor did show their awareness of the statistical implication of design prob- 
lems. In spite of their ignorance of statistical theories, that only appeared 
after their ‘day, they were by no means ignorant of, but on the contrary 


E The technique of statistical control in structural engineering is one of the _ 
essential components of the” design philosophy. As this is a broad subject 
itself, a detailed examination here is difficult. Consequently, the control — 
problem will only be lightly touched on. However, 


should not be taken to imply a lack of f importance. 


SIGNIFICANCE OF STATISTICS 
; x Statistics is a a , fairty new branch of applied m: mathematics, that has been 
a growing swiftly since the turn of this century. Compared with engineering, or 
a civil: engineering in particular, ‘statistics is still very young. It is, therefore, 
‘not surprising that engineering pioneers could not regulate their way of 
_ thinking and reasoning to conform with the theory of statistics ages 
a Broadly speaking, statistics is a branch of mathematics for description and 
- analysis of human experience, hence, also for enriching human knowledge of — 
nature. Its aim is precisely the same as that of geometry, mechanics, and 
many other branches of applied mathematics. It is now well established in the 
engineering profession that several “identical” specimens should be tested if 
any “reliable” information is to be derived from an experiment. The question — 


as to how identical and how reliable is of no less importance than the geo-— ‘- 
2 “The Risk of Failure,” by S. O. Angus, Structural Engineering, London, Val 8, 
we, “Some Problems of Structural | Safety,” by A. ‘A. Chilver, British wercng Journal, 
a “Safety and the Probability of Structural Failure,” by A. M. Freudenthal, Trans-— 
.C. 
“Structural Safety,” by G. Journal, Royal Soc., , Vol. 59, 1955. 
7 “Statistical Approach te to Structural Design, ° m,” by H H. L, Su, Proceedings, I.C I.C.E., Lon- 


—_= very , familiar with, the philosophical thought underlying these theories. | 


a “Design by Quantative Factor of Safety,” by H. L. Su, Transactions, ASME, Series . 
B, Vol. 82, November, 1960. Presented at the November, 1953 ASME Annual oe 


at Atlantic City, New Jersey. 


an “Some Statistical Aspects of Design in Foundation Engineering,” by H. L. Su, Sires 


tur ngineer, London, Vol. 39, No. 2, February, 1961. = = 
Synopsis of First Progress Report of Committee on _—e of Safety,” by O 


Julian, Proceedings, ASCE, Vol. 83, No. ST 4, July, 
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metrical or the mechanical features of the specimen. . “Identity” and “relia- 
_ bility” cannot be logically qualified by any other method than the statistical. . wet 
a The engineer | with a complete picture in mind is | intuitively aware of this 
a _ situation. Before drawing any conclusion from his experience, he > will invari- _ 
i oa ably ask himself whether the results underlying the conclusion can be ade- 
quately reproduced. It is fair to say that the engineer, being in constant con-— . 
tact with real life and its complexity, acquires through experience what may | 
be called statistical sense. However, this sense, nomatter how sound in anil a 
and in practice, is only a qualitative appreciation of real problems. A quanti- 
2 tative evaluation of such reality will inevitably lead to a study of statistics. 
/| group of events, when described statistically, is considered as a random © 
phenomenon. By random it is meant that it is hardly possible to predict the 
final state of this phenomenon or process from its initial state through the 
established laws of nature. ‘such prediction is s possible, this | group of 
results is regarded to be governed by “casual” laws and can be described, * 
analysed or predicted “casually.” ai 
It is obvious that many ofthe predictions a structural engineer has to make © q 
fall into this random category. In some case, it is because the precise initial - 
state is too complicated to determine. In others, it is due to the fact that only a 
a few reliable “casual” laws have been found. _ Furthermore, there are many © 
laws that, based on some idealized and hence, partly falsified models, may 
depart from the truth er. In general, the engineer will be confronted 


restricted description is clear and sufficiently accurate. As a matter of fact, : 7 
= establishment of any scientific theory is impossible or at least illogical 


bean in theory. _ The casual laws in any physical theory, that happen to — 7 
be Or in the of statistics to have a probability of 


statistics, or rather its underlying principle, was not a novelty to a” 

even in the earliest days; but its quantitative application to engineering is still — 

not ‘sufficiently in width, and not sufficiently exhaustive in depth. 

the other hand, 
statistical ‘is frequently expressed. It was sometimes ; considered» 

that the statistical approach was no more than a method of curve- fitting, or 

the construction of ahistogram, and collecting data from various observations. 

is certainly an underestimation. The most significant purpose of sta-_ 

- tistics can generally be described as scientific prediction based on a — 

of quantitative information that indeed implies its nae to — 


every branch of human activity in this scientific age. 


- the 19th century and numerous refinements h have been proposed. In the field 
7 : of design, little advance has appeared until recently. A design can be ¢ carefully | 
made after s some vigorous analysis but the “safety” of such a that 


_ Significant progress in structure and stress analysis has been made since 7 


— 
= 
— 
— 
— 
— q 
= 
4 
q 
— 


an indication of its actual worth, is ‘still anyone’ s guess. The fact that ¢ con- 
--ventionally. designed ‘structures | almost always appear safe does not neces- * 
sarily show reliability ; and accuracy of design, but more often indicates the 

caution exercised by conventional designers. However,as the resources of 
human society are limited and the expectation of life is rather short in terms» 
of historical events, excessive “safety” should be pp by all means. a 


define it in terms of current engineering concepts. It can be defined in three 
ways. First, in its narrowest sense, safety means the safety of human life as 
well as the relevant structure, that is also the original content of “safety. 
“Secondly, _ safety may be associated with economy, that controls the activities: 
of human society; and a structure need notbe safer than is necessary. ‘Third-— 
ly, in its most general sense, , Safety implies the - (minimum) necessary pre- 7 


caution to safeguard a statistical prediction. _ 
‘The first definition is” clear and faithful to its content, but i is too much 


‘modern needs, and is in ‘fact the form currently naa The most a 
_ definition, however, is the third that also includes the other two as its — 
will ‘dominate in this y paper, and will prove to be | sufficiently cc aii. bs 
_ The first two definitions were discussed in detail by A. G. Pugsley,5 | 
M. ASCE. His load factor corresponds to a complete collapse of the structural — 


element under consideration. If such a collapse would endanger human life, — 
load factor conforms with the definition. If the structural member 


utility factor as given by the second definition. cs af 
aa stress factor of safety mentioned by Pugsley can also comply with 
= the first and the second definition. Ina static case, the factor is normally 
a factor of utility, but in certain dynamic cases for which the relevant failure © 
involve loss of human life, it becomes a genuine safety 
AD different. manner of classification is adopted by the American Society _ 
Civil Engineers’ Committee | on of version the | 


9 


ratio (greater than unity) of Ro the mean estimated resistance to col- te 
3 lapse during the anticipated life of a large number of structures meant 
_% to be identical with the ‘Subject structure, and Wo the mean load effect 


bility of failure Py of the > structure is not: exceeded is defined as the 


for which the subject structure is designed. 


= Ba. F 2. Minimum required factor of serviceability to assure that a given 4 
the structure becoming unserviceable, for the 
_and during the anticipated life for which it is designed, , is not exceeded, : 
is defined as a similar ratio but with respect to serviceability rather 
than in collapse.” 

factor of: safety, no matter how is frequently a and so 

still correctly referred to as the factor of ignorance. Such “safety” is devised _ 
to include various kinds of uncertainty in an engineering design such as the 
incomplete knowledge of working conditions, the non- -homogeneity of material, 
the inaccuracies of physical theories, the imperfections in the construction 


process, and so on. However, after such acorrect diagnosis, no cure has ever 
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been thought of iasiiineaal until recently. In the e current (1961) design con- | 

vention, this factor of safety is still arbitrarily determined and its value 
_ varies from less than one for stability of soil slope, 1.5 for structural mem-_ 

_ bers in aircrafts, 2.0 for the pressurized cabin in jet planes and for many > 
‘structural members in civil engineering, 2.5 for bridges, 3. 0 to 4.0 for foun- 
dations, 6.0 for boilers, up to nearly 10 for lift cables. 

‘This ‘assortment of numerical values demonstrates that the generally ac- 
cepted procedure in assessing them must have been rather arbitrary. Never- 
theless, ‘it is extremely fortunate that in spite of their lack of knowledge 
‘statistical theory, the pioneers did ‘make acorrect and indeed excellent choice. 
of victim, the safety factor, to air their grievance about unreliable oa 


The | Safety f factor as defined by the can be “made to become a 


here is to find pa rule so so that t this factor can be quantitatively related to such © 


safety is traditionally expressed as a ratio of two ‘quantities, 
say A and B, , inwhich A represents the reaps system and B the disturbance _ 
system. Inv the current design conventions, A may be the yield stress, the 
ultimate stress, or the ultimate load; whereas B may be the working stress 
_ or the hatairtvarted load. Both A and B are assumed to be independent in the cur-— 


theories. As a matter of fact, whenever there a non-linear phe- 
longer be valid. in the general case, it is more convenient 
B denotes ‘the required safety factor, _ whereas S is the available 7 
safety factor, but will be referred to as the safety function henceforth before ; 
_—_ it is reduced to the scalar form. In Eq. 1, the arguments of the safety function, z 
A, B,C, ..., N, and so on, are statistically independent. When they or some 
of them are interdependent, the quantitative correlation amongst them must 
7 be _ determined. For the sake of clarity and simplicity of theoretical derivation, 7 
Z only the independent case will be considered at present. Actually, so far as 
_ theoretical work is concerned, the correlated case can be treated with equal | 7 
‘The available safety factor is the frozen form | of the safety function that 
_ depends on both the | "disturbance and the response system and is essentially 
a function of physical entities such as loading, geometric properties, and sO 
on. The required safety factor, on the other hand, signifies the accuracy and 
reliability of engineering assessment and represents the statistical aspect 
, the design problem. The conventional safety factor is in fact an available 
_ factor used for comparison with an arbitrary required factor, = 
-. To" facilitate the discussion, let us consider an example of a simple bea m 
is governed by the famous beam formula 
4 
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in pane y is the fiber stress at the condition of critical safety. When yielding 
is ‘considered as such a condition, y represents the yield stress. The available ; 
safety factor as given by the safety function can be numerically known once a — 
design is completed; that is, once all y, Z, M are determined. ‘chal 
In the normal design procedure, at least Z is an unknown | to be decided by _ 
the designer. In order to achieve such decision, the required safety 
must be assessed some means. Because this is a stochastic variable, 
numerical value c: can only be obtained th through some statistical maneuver. 
In the most ideal case, for which everything is ; absolutely known, a safety 
factor with a value slightly greater than unity will suffice. However, reality 
is very far from such a ‘Utopia and variations in the supposedly known quanti- 
_ To standardize the quantitative description of such vai variation, the statistician 
_ introduced the notion of the standard deviation. Therefore, the next step in the | 
- safety problem is to assess the possible variation of the safety function as — 
represented by its standard deviation will be denoted by a(S) or simply 
oSwherever noconfusioncanarise, 
However, oS being merely a standard of measurement may not correspond ~ 
to the actual variation. It is desirable to introduce a safety parameter a such 
that the quantity aoS can satisfactorily represent possible variations in 
reality. The question now becomes the determination ofa proper safety margin 
a@oSandasafety limit signifiedby 
sit is not to qualitatively appreciate the probabilistic significance 
of f the safety limit. The larger the limit, the larger the safety margin, and 
hence the larger the safety factor and the greater the safety. Obviously, this | 
_ limit shouldbe larger for animportant structural member than for a secondary 
one, Atthe present (1961) stage of of developmentits values may be recommended 7 
by : some > professional authority ar and tabulated in design cc codes. It is worth noting | ; 
_ that even with the safety probability completely known, this probabilistic meas- | 
ure must be transformed into a a corresponding value of the safety limit for 
From the preceding the required safety factor can be defined 


‘Because S is a function of its arguments A, B, C,..., N, the relation between 
the standard deviation « of S and those ‘ofits arguments can be approximated by 


N 
in VN = = 02 (N) 
known in statistics as the variance, or more generally tp second cumulants se 
Once the standard deviations of the arguments are known, oS can be obtained. , 
it should be borne in mind that the variance law in the form of Eq. 5is not 
exact. _ Nevertheless , with the backing of modern engineering experience and > 


in which f is the fiber stres modulus. 
The safety function will the 
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modern ‘manufacturing processes, , such a formula will prove sufficiently 
‘in practice. Refinements can be introduced whenever necessary. 

Returning to the example, let us assume that the standard deviations of “ss > 
j Z, M are 0.10 y, 0.01 Z, 0.20 M respectively; and their means are such that - 
_ the mean of the available safety factor is equal to 2.0. The he standard deviation Pai 
“of the safety function can then be determined as follows: 


2s = 4 (0,01 + 0.001 + 0,04) = 0.204, 
Corresponding to the available s: safety factor of 2, it can be c computed that the : 
SS parameter is 2.21. If this value is acceptable, the design is completed. By 
If not, either Z must be increased or M reduced. There exist now some addi- 7 
"tional alternatives, such as to reduce gy, 0Z,0M through statistical manipu-— 
= lation and control. It is worth mentioning that such alternatives may have been 
adopted quite frequently, but they fail fail to give a indication of their 
_ Other kinds of “uncertainty | that are not expressed in the physical formula, 
can be incorporated in the variance equation through some statistical ma-— 

_ neuver, or merely by appropriate assessment when such statistics are not 
uke ae (: should be noted that the physical equation, Eq 2, and the safety equation, . 

t ‘ have wider applications. As y, Z, M are all symbols, they may be so 

assigned to denote the limit of deflection, the deflection stiffness, and the | 

applied loading respectively. In astrut stability problem, y may be the critical 7 

‘stress, Z the material constant, and M the applied axial stress. The manipu- " 

lation in the preceding example that is governed by strength consideration is _ 

also valid for the two cases just mentioned, in which the design criteria are a 

. = and stability, respectively. In fact, this example can also illustrate _ 
4 _ any design in which the governing equation, having the same form as Eq. 2, 
4 may be electrical, optical, or even economical in 


Safety parameter a introduced i in the previous section, “may, in spite 
its qualitative character, sometimes appear too technical in its probabi- 
ee content. ihe generally accepted measure of the possibility of an occur- 
rence is based on the frequency of ‘such an occurrence, the mathematical 
idealization of which is “probability.” 
It is desirable, although not « necessary, particularly at the present 


— 


_— _ stage of development, to know such probability exactly and explicitly. In the | 
3 design problem, this means - finding an exact and explicit one- -to-one corre- 
spondence between the safety limit and the safety probability. Theoretically | 
‘speaking, such a correspondence can always be determined once the frequency | 
functions of the arguments of the safety function are known. The resulting 
frequency function of the s safety factor may have to be tabulated for practical 
use because of its complexity, but various approximations are often available. — 
.. probability of the occurrence of a quantity x in ipl range x15 x < xD 
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in which a wv, being a specified rn ‘in this case, will be referred t toa as the 
- safety limit, but in general will be called the safety parameter. 


‘The of unsafety, that ‘is complementary to ‘that of is 


(Py=1- Pg= 
When the function is “known, the lower b 
; “bilit of safe or the upper bound adi 7 of unsafety can be determined fr from 

9) 


Stronger inequalities than the preceding ca can be found when more information 
about the frequency function becomes available, 
As to the level of the probability of safety, there is no definite rule of | 
solution y yet. Not only the existing statistics of safety (or rather -unsafety, 
because the latter are easier to collect), but also some philosophical consid- 
erations such as economy, , aesthetics, even psychology, cua be taken into 

Reproduced in Table 1 are some shipping stettatics furnished w Great 
Britain’ s Ministry of Transport and Civil Aviation. 11 It can be seen that the 
average of the gross tonnage lost expressed as a percentage of the corre- 
_ sponding total tonnage on the British Register is 0.21% annually for the period 
from 1947 to 1957. If the expectation of useful life of a ship is 30 yr, then the 
_ probability of its being completely lost during the service period will be ap- 
proximately 6. 3% for an average tonnage ship. ‘This also means that one out 
of every sixteen ships in use would be lost in an accident. According to the 
Return published!1 by this Ministry accidents, in the main, are due to fires 
and various kinds of explosion, errors of ‘navigation, “unfavorable weather 
conditions, and so on. These causes have little connection with = structural 
design in which only “normal” performance is Commeaeres. 


BA: 11 “Return of Shipping Casualties and Deaths, 1957,” Ministry of Transport and Civ. | 
Aviation, .M. Stat. Office, 1958. 


which is the probabilitv densitv or frequency function that possesses 
| 
_ The probability of safety is definedas 
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@ follow a ‘definite pattern, it appears to be | desirable to bear such statistics in 
- mind whenever a ship of the same class as those described is being designed. 
_ What the engineer should be clear about is whether his ship is to withstand 
4 such accidental ordeals or to follow in the wake of her | sisters. Such funda- 
mental consideration would generate different designs. 
_ Compared with the statistics of accidents involved in all modes of trans- 
the ‘Statistics of structural safety appear to have far behind. 


TABLE 1.- _—LOSSES or POWER-DRIVEN SHIPS? 


of Ships | Gross Tonnage | in percentage of 
the R t 


0. 
16 


Refers to power driven ships, ‘other than fishing vessels, registered under Part 


The usefulness of such statistics is beyond | question. It is to be hoped that 


some organized exploration of this neglected field will be set in motion in the 


24 Design is always considered as the most important, if not the principal, 
- problem in engineering. Indeed, design philosophy is frequently regarded to be 
7 - synonymous with engineering philosophy itself. Probably because engineering 
- is concerned with how to make something useful while design is the precon-| 


. Certedplanofeffecting it. 


- ss Design is an outcome of : a certain necessity and its aim is to fulfill the 


requirements dictated by such necessity. As human society advances, such 
= become more numerous and more rigorous, and hence the design — * 
should be more carefully made and in more detail. Consequently, further 
physical and statistical investigation become es) 
a = _ Very rarely would a design be concerned with only one requirement. 
Because there are criteria to be satisfied and in general 
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their importance. The e manipulation concerning the primary requirements is 


normally considered as the design, whereas that concerning the s secondary 
requirements the check. In other words, the choice of a material — 
to resist some expected disturbance is made in the “design” stage and then 
checked against undesirable effects. This separation of primary and secondary _ 
effects is basically sound, as it is unnecessary to integrate all these require- 
ments and thus to complicate the problem. Physical partial differentiation is © 
r. a much better procedure. However, it must be noted that such ee 
is intended to facilitate, not to negate or to substitute, the essential physical — a 


= _ A design problem in its narrow sense involves the following stages. First, 
_ the determination of physical criteria; that is, the physical (chemical, biologi- 
cal, and so on) disturbance affecting the performance of the design such as 
_to be supported, deflections to be allowed, vibrations to be damped, 


system possessing certain physical properties, that are needed to 
_ eliminate the adverse disturbance and to achieve stability, stiffness, and so 
on. Thirdly, the determination of a suitable link between the preceding two. a 
facets taking economy, safety, and other philosophical consideration into ac- - 

og From the preceding grouping, it can be seen that the first two steps of a 

4 conventional design procedure belong to what is generally accepted as struc- 
tural mechanics, whereas the last is inthe confine of statistics. In all existing - 
design ‘conventions, only the physical problem is considered. The statistical 

_—— aspect, being covered by an arbitrarily assigned safety factor, is invariably — 

"a The mystery of the factor of sai safety has been playing an important part ni not — 
only in the methods of design, but in the theoretical investigation n of 

structural mechanics , Mainly because mechanics is intended to “feed” the 

_ designer with experimental support as well as workable theories. | a 

Most of the design conventions adopted at present (1961) are saond on the 

- elastic theory. There are many defects, both philosophical and methodological, 
in these conventions. Such a phenomenon is primarily due to the misunder-_ 

standing of the. safety factor that was devised to represent the statistical vari- 

= unpredictable with the aid of physical experiment alone, = 


_ Recently, various types of plastic theory have appeared. The success of 
these methods depends on the load factor, defined as the ratio of the ultimate 
load to the working load. 12 However, as has been noted in previous sections, | 
this load factor is only one form of the available safety factor with respect — 
_ to the strength criterion. The required factor that is statistical in nature is 7 

_ determined in the same arbitrary manner as it is in the elastic design. 
It is true that all theories and design methods are, to a certain extent, 
‘merely an artificial convention that is considered by the engineering profes-_ 
sion as the most reasonable at aparticular time. The plastic method, as some _ 
oe , can be accepted as a pure convention. Nevertheless, this seems a 
to be an unrealistic convention, and can be accepted only when collapse is 
expected to occur, or at least \ when collapse becomes the only criterion of 
- design. "Furthermore, such conventions are meant to approach the truth 


_ 12 “Ultimate Load Design of Reinforced and Prestressed Concrete Frames,” 
A. a L. Baker, Proceedings, Symp. — Concrete Structures, Univ. of Calif. Press, 
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“eventually, ona. this should t be the sole judgment on or rejecting any 

So far only | the two immediate aspects, analysis and design, of a bowel 
_ problem have been dealt with. The design philosophy in structural engineering © : 

: a should also include two aspects not directly connected with the design process © 
proper. are the pre-design physical and statistical investigation and the 
ae physical investigation are included all kinds of study of the structural — 1 
reality ranging from the spider’s web, Hooke’s and Euler’s classical model, 
to the modern structural complex as mentioned by E,. Torroja. 13 Much effort - 
in such investigation has been made and magnificent progress has been — 
achieved in this fundamental aspect. of design. . Yet, this does not mean that 
physical investigation has been well planned or - exhaustive. There still exist 

ud numerous problems yet unsolved or unsatisfactorily treated. However, as the © 
engineer is well acquainted with this aspect, a detailed analysis is not war- 

Physical investigation is essentially concerned with the explanation of 
: various phenomena as well as the establishment of the corresponding rule of q 
- reality. The stage signified by “analysis” is principally the application, and — 
if possible or plausible, the amplification of such findings. This is again a 
Subject not t strange to the engineer, 
‘The stage associated with the actual design involves various kinds of sta- 
tistical predictions based on previous study. The phenomenal difference be- 
tween “analysis” and “design” is that the fc former is only concerned with well ; 
defined problems whereas the latter is concerned with problems of varying 
uncertainty. Maneuvers in the design stage have been previously described 
and it appears that the main theme is a kind of “fitting”; that is, to fit the 
¢ results from analysis and fundamental investigation into a realistic p ‘picture. 
_A good fit can be achieved only if every aspect can be placed in its appropriate 
‘The problem of statistical control, being an involved subject, cannot be 
fully examined in the present paper. This is a post-design checking. Its main 
purpose | is not only to check whether the designed object satisfies the design 


and other such facets “underlying the product are reliable. At present, ‘the 7 
conclusion that the four components of the design philosophy are interconnected 

— will be ‘sufficient. They a are the preliminary and fundamental investigation of i 
reality, analysis, design, , and statistical checking and | quality control, Pro- 
pase in any aspect will provoke a chain rag and improve the whole _ : 


whi 


sre « criteria of They mi may be either economical, 
aesthetical, . monumental in nature. So far as the design criteria associ- 
; ated with structural mechanics are concerned, there are two principal groups; 
. the ‘static and the dynamic. Each can ‘be divided into two subgroups; strength 


(including stability) and stiffness. Static ‘strength static stiffness are 


io “Philosophy of § of Structures, res,” by } E - Torroja, Univ Univ. of . of California Press, Bare. 
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counterparts have one more independent argument, namely, frequency. Ihe 
ome the subgroups, time effect divides them into two further classes: One 7 
is without the time effect, and the other is a function of duration, such as 
Both the subgroups, the strength and the stiffness, can be associated with 
one | of the stress or strain conditions, such as tension, compression, shear, 
and so on. For example, in the design of a tie rod, the mechanistic criteria 
a will be connected with static tension strength and deformation including their 
long term effect, creep. In the case of the rotating shaft, the criteria will be 
connected with its dynamic strength and stiffness under various combinations 
of stress conditions together with their long term effects, creep and fatigue. 
There will be a safety factor for each design criterion. In general, a design 
_ always possesses more than one safety factor. Some of them exist implicitly 
but are not specifically mentioned owing to their neglect by the designer or or 
_ the lack of importance of the design. criteria associated with them. base 
~~ i conventional design methods, only a single safety factor is used as a. 
; consequence of the current view that only one criterion is regarded as ‘ “design” 


while others are regarded as _ “checks. ” Such a convention has made a con- 


siderable contribution to the rise of plastic design. 
__The various design criteria, that may belong to the same mochemiatic 
them varies from design to ‘design. ‘For example, in a slender 
ture, the safety margin associated with stability conditions should be — 

=S than that associated with stiffness requirements, , because disastrous — 
effects may result ina stability failure. In a “stout” ' structure, stiffness will 

= usually dominate the design, and its greater importance requires an an increase 
AS an illustration, let us consider the deflection formula of a cantilever 

beam with an applied shear P at the free end, 


(12) 
ie 
‘Z’ are the ond deflection, the applied shear, and the stiffness 
“constant, respectively. is in the same 2, and e safety 


10 Vi 


if heen “numerical data previously used are transplanted here, the safety 


bound of of 0.795; that that the prediction will be 
correct ir in at Teast four out of five cases in 3 run. 


The most dominating design criterionin structural engineering is of course 
; ‘the economic one. Economy in its widest sense means not only monetary gain 


or loss, but also speed and simplicity in realizing the design. A mathematical 
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DESIGN PHILOSOPHY 
‘formulation of such an all pervading criterion is difficult at present. Conse- 
quently, economy in its ‘narrower “sense will be the present 
_ Economic criteria are still very complicated, even with such inne 
of its scope. Although in structural engineering its basic argument is neces- 
structural, methods of administration, organization, production, and 
80 on will also influence the final economic value appreciably. As a conse~ 
quence, it is extremely difficult to establish a formula of universal 
ai Several attempts have been made to clarify the economic problems, but 
little satisfactory result has yet been arrived at. It seems that a practical | 
all of ‘structural engineering is beyond 
a piecemeal solution is possible when a a 
ppeetee of “utility” (instead of “safety”) is introduced. Application of this 
7 concept can be illustrated by the following example. = | 
” Suppose the utility function U associated with the annual earning of a build- 


ing is so defined 
x) = $40,000 if 1.6<x <2. 
= - $10,000 if | x - 2.0 > >0.4 


in which x is. a numerical index associated with, oie the deflection of the 


building at as strategic point and represents the main design criterion. — 
it is assumed that a conventional design will, on the average, yield, say, “f 
a $20,000 per annum, A new design, however, will give x a normal distribution no 
with mean equal to 2.0 units of x and standard deviation equal to 0.4 units. 
The’ problem is to decide whether the new design should be adopted based on 
financial considerations. In other words, the rule of decision can be formu- : 
(1) If EU> $20, 000, the new design is adopted; and 
"i (2) if EU < $20,000, the new design is rejected, in which EU denotes the. - 
mathematical expectation of U, the utility function, 
wa In the new design, the ee the e mechanistic index x will lie 


result of ign 


The new design is, consequently, accepted. 
If the decision rule is changed, due to some organization or production 


ee considerations, or other factors to the oo 
- (1) the new design is adopted if EU > $30,000 
(2) the n new design. is ‘rejected if EU < $30,000, 


— 
— 
cy 


-~ ‘the « design zn producing EU = 24200 will be rejected. Bowever, it 1 is 3 possible | 
to obtain an indication as to how the design should be improved. RO es 


EU = 40,000 p - 10, 000 (1 - p) = 30, 


annette, Pp, , the probability that the mechanistic index x will lie in the closed | 
interval (1. 6, 2. 4), should be 0. 8. As x is normally distributed, the required - ° 
standard deviation will be given by (2.4-2.0)/ox = 1.28, or ox = 0.312. This F 
result indicates that the new design cannot compete with the original unless a 4h ; 
‘its standard deviation of the mechanistic index canbe made equal to or smaller — - 
than 0.312. In other words, if ox>0.312, then EU will be smaller than $30, _ 


‘The salient feature of this example is the direct association of a a mecha~ — 


- istic index with an economic one. In a sense, “probability” only acts as a 
_ medium. The example is also applicable to many other cases. The mechanistic | 
index may be the strength in pounds per square inch, the bearing capacity in 
tons per square foot, the natural frequency in cycles per second, the anne 7 


: -_ be in thee unit of man-hour, capital investment per worker, production rate, 
the ratio ) of administration staff to production staff, and soforth, 


Pecnatepen of quality control are not new to concrete engineer, but their 
2 application to controlling the performance of a complete structural design 
= has attracted little attention, , partially because it was not known what is to ~_ 

controlled safety margin as the resultant statistical variable, it 

3 becomes» pussib’s *o apply such control techniques to an entire design. 

Quality control been closely associated with all methods of modern 

a _ mass production. There already exist numerous publications on various aspects a 
of this subject. 14,15 4 detailed examination of its is unnecessary. 


___ Suppose that the design governed by Eq. 2 and Eq. 3 has been materialized. a 


ment represented by Eq. 3, a test loadis : applied. _ This test load is to poe 
accurately a moment at the strategic point that is equal to the mean value of | Vs 
_M used in the design. The stress induced by the moment, f, is then measured. 
The numerical values of the mean of y, M, Z are say, 15,000 psi, 1,000,000 
Ib-in., and 133.3 cu in., iieensten 5 fis measured and found to be, say, 
The partial safety mal is, therefore, is due to t the 
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- 14 “Handbook of Industrial Statistics,” by A. H. Be . Lieberman, — 
SASTM Manual on Quality Control of Materials,” AS iM, Phiiadeipnia, Pa., 1951. 


DESIGN PHILOSOPHY 
It is possible to deduce the actual as follows: 


Because the value o of oZ “used in the design is s 0. 01 only, | it is s apparent cael: 


some incorrect assumptions must have been involved in the design. ive | 


_ There are at least three > 


1. value of used in is too small to correspond to the 


2. ‘The beam formula itself, or other theoretical derivations, may be at 
a a . There m ay be intrinsic defects in the measurement of the stress f. a 


If the first is found to be for such variation, there may may be 
remedies: Either to increase oZ in the design or to attain a sufficiently good 
“quality” through improvement of manufacture or construction process. 
— If the second is ascertained to be the main 1 cause, further fundamental 
investigation will be necessary. _A temporary measure, that is likely to be ; 
most economical at present, will be the addition of an extra term representing — 
such inaccuracy in theory to the variance equation. 
‘The third cause is not of great interest to a pure e designer | and will not be ; 
r There is lation approach to carrying out the control test. Instead of a 
A : test moment of 1,000,000 Ib-in., a moment of, for example, 1,800,000 lb-in. is 
applied and gradually increased to a value related to incipient yielding. At _ 
this point, ‘yielding is likely to commence in less than one (of every five cases 
in the “long run. *@ must be emphasized that this is a very « conservative 7 
estimate. The actual “unsafety” ” probability is likely to be much smaller.) 
= _ The design will be fully verified if, under this condition of incipient yield- 
ing, no sign of yielding i is noticed. Inthe preceding illustration, only one design _ 
criterion is involved. A similar process can be applied to other criteria. The | 
-main theme of such control tests is their non-destructive character in the 
One of the reasons why performance tests on actual structures do n not 
receive sufficient attention in civil engineering is probably a consequence of 
_ the conception that such tests must be carried out to the point of destruction _ 
a of the structure. In fact, such destructive tests might have been necessary _ 
” when structural engineering was in its infancy. Under the prevailing (1961) 
7 conditions, they seem to represent a pessimistic point of view. What concerns | 
the structure user is the normal performance of the structure. So long as it © 
= sustain a sufficiently high test load without yielding (or more generally, — 
without introducing “unsafety”), the” criterion of f strength can be regarded to 
- have been satisfied. It should always be borne in mind not only that absolute | 
“safety” is a practical impossibility, but also that economy becomes the 


dominating when are, in a sense, mass- 


liiaiiad approach seems to be the best, if not the only « one, to | 


‘solution of of design problems i in ngeneral, 
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dune, 1961 
shel 2. Safety” is defined in terms of the accuracy of a statistical ae 
“associated with a given design criterion. This definition includes all others 
The conventional concept of safety factor only gives the factor a physical 
4 ‘meaning. The statistical aspects of design problems a: are _ represented by y the” 
as distinct from the available, safety factor, 
A quantitative method of resultant variation of a 
is suggested. 
- sample parameters that bear a definite relation to their population counter- 
parts willbe encountered in reality. | 
5. The Tchebycheff inequality gives a conservative but quantitative corre- 
: spondence between safety limit and the lower boundof safety probability. Such 
. inequalities will play an important role even whena certain one-to-one corre- 
_ Spondence between safety limit and safety probability is found, Only safety | 
~ % Design philosophy can be regarded as consisting of four components, 
namely, pre-design fundamental investigation, analysis, proper, and 
9, There are many mechanistic criteria of design, only a few of which _ 


fs in a particular | design. In the conventional design methods, one criterion 2 


is singled out as the “design while | others are considered as the “checks.’ ” 
Consequently, there appears to be only one safety factor fora design, In fact, iy 

_ there will be a safety factor associated with each n design criteria, and such re 
factors are useful in performance control. Pe > 
8. Economic aspects of structural design are rather complicated. | A 
general quantitative formulation of this problem, “let alone its solution, is 


ae ‘Statistical control techniques can be used to check the performance of 
a design. Such checking | will not only verify whether a product has satisfied 


1 th 
10. Statistical methods have been widely applied in numerous beanches of 


“human activity, ranging from nuclear physics to the - prediction of election | 
_ results. Such a width of application indicates their prowess that should not 
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OSTBUCKLING BEHAVIOR OF FLAT PLATES: 


Jombock! and J. W. Clark, 2 Members , ASCE 
Weed 


The essential features « of postbuckling behavior | of flat plates are described — 
briefly, and concepts such as “effective width’ ’ and “crippling strength” are 

illustrated by data from a representative t test of at thin-walled 


buckling behavior are "Particular attention is given to the effect 
of postbuckling behavior of plates on the overall buckling strength of columns _ 
Bd ne, _ and it is concluded that further investigation of this subject is 
Comparisons are made between the methods of treating postbuckling 
strength of flat plates in various for engineering type 


A flat ‘i loaded in edge compression and supported along one or both ck 
7 loa oaded_ edges will generally develop some additional load after the local buck- 


ling : stress for the plate. has been exceeded. This e: extra load-carrying capacity 
is usually not a factor in the design of rolled sections of structural carbon 
steel because ratios of width to thickness of plate elements in compression - 
limited ‘so that» local buckling does “not. take place. In other fields 


_ structural design, however, it is often advantageous to use thin sections that 


Note.—Discussion open until No November 1, To extend the closing date 
‘month, a written request must be filed with the Executive Secretary, ASCE. This paper 
is part of the copyrighted Journal of the Structural Division, Proceedings o of the ‘Ameri- 
* Society of Civil Engineers, Vol. 87, No. ST 5, June, 1961 = 


_ 1 Research Engr., Engrg. Design Div., Alcoa Research Labs., New Kensington, Pa. 
2 Asst. Chf., Engrg. Design Div., Alcoa Research Labs., New Kensington, » Pa. —_— 


i 
— 
— 
Pe 

— 


June, 
buckle locally un nder loads that are “much smaller een the loads that 
cause failure of the member. In ‘some cases, it is permissible to allow local 
_ buckling to take place at loads less thanthe design load. 2 —™ 
a ‘This paper was prepared in response to a request by Column Research - 
_ Council (CRC) for a report summarizing information on postbuckling strength © 
x of flat plates in edge compression which would serve as background material 
_ for the preparation of a guide to design criteria for metal compression mem- 
bers. The paper is based in pert On a report submitted by the writers to 
Research Committee Cof CRC 
la Most of the work on postbuckling behavior of thin plates has been associ- 
with the design of either ship plate structures, light gage, cold- ~formed 
steel structures, or aircraft structures. Excellent summaries of the work | 
* done in each of these fields are available in the literature. The late Friedrich — 
_ Bleich has summarized available information as it related to ship plate de- 7 
sign (17). Some of the extensive work done by George Winter, F. ASCE, on 7 f 
: performance of thin-walled steel structures has been summarized (12), (14), 
_ Much of the work that has been done on postbuckling behavior of plate struc- a , 
tures been associated with aircraft design. A thorough summary of this 
extensive work has been presented by George Gerard (25). Both Winter and 
Posen have compiled brief summaries of some of their work (30), (32). 
| This paper has the following objectives: Bs 


To describe briefly the e essential features of postbuckling behavior of 


2 To summarize some of the principal results obtained 


ae — The > letter symbols adopted for use in this paper are defined | 
where they first | appear, in the illustrations or in the text, and are a 
convenience of reference, in Appendix. 


BEHAVIOR OF MEMBERS WITH THIN PLATE ELEMENTS 


The ‘simplest type of member to consider for illustrative purposes is a 
square tube with uniform wall thickness. Each of the sides of sucha 
behaves as a plate with the unloaded edges simply supported. Four of these 
- pilates, , together with a small amount of corner material | make up the total 
area of the member. The results of acompression test on such a member are 
i shown in Fig. 1. This member was from the same lot of aluminum alloy 
-T6 “square tubing in tests reported by R. A. Pride andG. J. 
Heimerl (13). The specimen had the cross section shown in Fig. 1 and was | 
14 in. long. It was tested on flat, fixed platens in a 300,000-lb capacity © 
hydraulic testing machine. Strains were measured by means of SR-4 electrical 7 


a resistance strain gages mounted on both the inside and outside of the tube at 


the center of each face. Overallstrain was Gotermined by measuring the rela- 
Numerals rals in parentheses refer t to corresponding items. listed in Appendix II (Bib- 
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June, 1961 | 
movement of the testing machine platens with dial indicators, To take 
account of effects of deformation of the testing machine platens, the. dial gage 
measurements were adjusted to correspond to a modulus of elasticity of 


10,600,000 psi by means of Method 1 described iby R . L, Templin and E. C.. 


Hartmann, F. ASCE (8). +7", 
Overall deformations of the tube as indicated by the dial indicators are. 
Plotted in Fig. 1(a) in comparison with the compressive stress-strain ve 
the tube material used Pride and Heimerl. Fig. 1(b) shows a typical 
set of strain measurements at the center of one face. ~The local buckling stress 
of 22,500 psi shown in Fig. 1 isthe average of the gross area stresses causing 
maximum midthickness strains in the the four faces (the predicted local buckling 
stress was 23,650 psi). As the load exceeded the value required to initiate _ 
local buckling, the stresses at the centers of the faces decreased, and the ~ 
overall deformatio ions increased at a more rapid rate than before. Fig. 1c) 
shows the . stiffness of the tube, _ plotted in terms of effective modulus of elas- 
ticity for the full cross section. The effective modulus of elasticity is simply 
the slope of the curve in Fig. 1(a). It can be seen that the stiffness dropped | 
abruptly. as the buckling stress was reached and then gradually to 
zeroatthe maximum load, 
___ The redistribution of stress in a plate after local buckling, as ieadertane 
in Fig. BS is the basis for the “effective width” concept, in which only a part. 
of the width of a sheet is considered to be effective in carrying load after the 
local buckling stress has been exceeded. (The effective width concept is also 
used in dealing | with shear lag problems, , which are not considered in this 
‘The specimen for which data are shown in Fig. 1 did ‘not ot buckle as a col- a 
umn but failed by “crippling,” ” In terms of the effective width concept, this 
means that a point was reached at which the effective area was decreasing 
faster than the stress- strain curve was rising, with the result that the load 


reached maximum value after which the specimen could take no further 
increase inload. 
* Crippling ~ strength can be defined as the ultimate strength of a member 
whose failure follows, or is accompanied by, local buckling of plate elements, 
t the length of the member being small enough that the failure is not influenced - 
y overall column buckling. There are some erage about crippling 


in 1 thin-sheet elements; at failure. Crippling failure, however, is ‘not necessarily 
= by the occurrence of these “kinks.” ’ For example, the physical 
appearance of the specimen for ‘ which data are pete in Fig. 1 was much the 
- same after the maximum load was reached as it was before failure, except. 
_ that the buckle pattern was more pronounced, The edges of the tube became — 
slightly curved because the buckles tended to pull the corners to toward each | 
other, but no “kinks” or local wrinkles formed at the corners. 
Both tests and theory (31) have indicated that, if a flat panel loaded in edge 
"compression is forced to eemygt strains that exceedthe strain at local buck- 
buckle . pattern « changes and the length of the 
‘buckles tends to become shocker as the strain increases. In some tests (29), 7 
it has been noted that this tendency ledto the formation of small buckles near 
the edges: which» ‘were superimposed on the e larger, primary buckles at strains 
greatly exceeding the critical strain. In specimens strained sufficiently far 
buckling strain, the decreasing length of the buckles eventually 
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hi If the tube | specimen in Fig. & had been long enough, it would have  falled 
by column buckling rather than by crippling. Comparison of the stiffness of 7 
the tube plotted in Fig. 1(c) with the tangent modulus based on the stress- = 
strain curve, plotted on the same chart, indicates that at stresses above the © 
local buckling stress, the column strength of the tube would be ie | 
reduced by the effects of plate buckling, = = 
If a structural member is built up by fastening flat plates to angles or other 
structural sections whose local buckling stresses are relatively high, the area 
of aad attached sections can be added tothe effective area of the buckled sheet 7 


WIDTH PLATES IN EDGE COMPRESSION 
The 1 1930 — of Standards tests (2) of plates supported in -V-notches- 
nae along their unloaded edges demonstrated that, for plates of the same thick- E 
d ness, increasing the width of the plate beyonda certain width did not increase ~ 


‘ ultimate load that the plate could ‘develop. it was observed that wider 


plates acted as though narrow side portions or “effective load carrying areas” 
took most of the load. _ Newell (1) and others were prompted by these tests to. : 
develop expressions s for the ultimate | strength of such plates. The first to use 
the effective width concept in handling this problem was Theodor von Karnfan, 7 
ASCE (3). He derived the approximate formula f the 


effective of simply supported plates: 


. in which be is the effective width of the plate, U refer rs to o Poisson’ s ratio, E 
denotes the modulus of elasticity, 0e is the effective area stress, and t is the. 
- of the plate. By substituting the expression for the elastic cng 


strength of a simply supported plate ™ Eq. 1,W W. Ramberg, A. _E, '. McPherson, 
7 (5) changed Eq. 1 to ‘Lam 


in which b is the the denotes the local buckling stress. 
have _ since been proposed, based on the results of both tests and analysis. 
Table 1 gives eight of the effective width formulas (Eqs. 3 through 10 of this — 
paper) mentioned by Gerard and indicates the condition of loading and 
Support to which they apply. 
On the basis of his extensive investigations of thin-walled structural sect 
‘members, W Winter has developed the following fo formulas for effective ° width, 


Many: other formulas for effective width of various kinds of plate elements 


= 
= 
at inode exceeding the local buckling load would have been greater and 
oe . However, the behavior would have been quali- [iim 
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POSTBUCKLING BEHAVIOR 
as experimental modifications of Eq. 1, for plates along both un- 
loaded (12) or along one unloaded (11), 


based on the following 
ion 


stress assuming | Poisson’ s ratio 0. 3. 


1 through 14 are in Fig. 2. The of 3 10 
indicate the strong influence on theoretical effective widths of various rennet 


FORMULAS GIVEN IN TEXT AND TABLE 
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two broad classifications of edge conditions to which his formulas apply. Fie. 
2 shows that Eq. 2 is generally conservative in comparison to Eqs. 3 through 


somewhat different ‘effective width formula (22), (23), wile 


Eq. 16 for effective width in that it gives ef- 
fective width as a function of the average stress on the gross area, 0 . | 
_ Eq. 16 can be compared with the other formulas for given ratios of plate 
area to total section area. It is found that Eq. 16 is generally conservative, ¥ 
7 giving values of total effective area that range from zero to about 7% less 
than values computed using Eq. 2 as long as the stress on the effective area 
does not exceed 2.5 times the plate buckling stress. 
_ Most of the foregoing equations and those in Table 1 are . applicable in the 
eum stress range. Several authors (25),(15),(20) have agreed that the 
e equations involving the ratio Scr/Ce are also approximately applicable in the 
inelastic stress range if the ratio €¢;/€ is substituted for the ratio Ge. 
_ -P. C. Hu, M. ASCE, E. E. Lundquist, F. ASCE, and S. B. Batdorf (9) studied 
analytically, by large deflection analysis, the effect of small deviations from 
flatness on the effective width of simply supported square plates. They ag 
that out-of-flatness caused effective widths to be less than the full plate width 
at and at theoretical flat- plate buckling stress and less 


plate eiebeten. - gave a maximum error in calculated effective width of about 
15%, , occurring at the computed plate buc ckling stress, . The error decreased 

to insignificance at an average plate stress oftwice the plate buckling : stress. ie. 
In 1946, Gerard (28) reviewed the results of a large number of tests of stif- 
_fened flat panels and concluded that Eq. 2 gave a good fit to the data and was 
“predominately conservative,” indicating that for this type of construction, 

_ the reduction in effective width can be neglected. In the case of thin gage, 7 
cold-formed steel sections, however, Winter has found (12) that the effects of 


initial imperfections are these effects | into 
in Eqs. 11 through 14. 


IPP LING STRENGTH | OF PLATES IN EDGE 
Von ‘Karman (3) pointed out that, if an expression for load is obtained by 

‘multiplying each side of Eq. 1 by Ce t and the “resulting equation is extended © ian 
_ into the inelastic stress range by substituting the tangent modulus Et for E, 7 
failure could be expected to occur when the quantity V Et 0, reaches a maxi- 
mum value. He stated that this maximum value would be very close to the 
value giving the "following formula for the average stress, 6, to 


‘cause. crippling. ofa simply supported flat plate: 
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“Winter (31) has concluded that ‘the crippling of thin- gage struc- 
tural steel sections can be « computed by ‘substituting the yield y point for the 

_ stress on the effective area in Eqs. 1 1 through 14. Gerard (30) has pointed 

out that, if crippling of a flat plate is assumed to occur when the edge stress — 
reaches the compressive yield strength and if the relationship between stress _ 

on the effective area 0 and average stress on the gross area o is assumed in 


in which a is a constant a ‘to denotes the compressive ‘yield strength 
Gerard (30) has shown that the foregoing expression gives good agreement 

crippling strength tests on simply supported plates if m has the value 
0.425 and the coefficient has the value 0. 
The aircraft industry has devoted considerable attention to the crippling 


strength | of various shapes of stiffeners such as channel, Z and hat-shaped 


9) 


stiffeners, and also the crippling strength of combined stiffener and sheet 
sections. Crippling strength of sections of this type if frequently — 
by summation of the crippling | strengths of the individual sections RAL 
Needham (19) ) has proposed a method whereby such sec sections are divided into 
.—l os? angle sections and the crippling strength is based on a parameter : 
_ that indicates the average b/t ratio for these equivalent angles. Gerard (25) 


| has extended this analysis showing that the results’ differ somewhat for “one 


elements” (angles, -T’s and cruciforms) “two corner elements” 


(channels and s) and “multicorner elements” (hat sec’ sections, and so on). 


EFFECT OF FLAT PLATE E BUCKLING ON COLUMN STRENGTH» 
70 Fig. 1(c) shows that the stiffness of a flat plate element is greatly reduced 
_ when the local buckling stress is exceeded. As shown in Fig. 3, this reduction | 


edn ogee would be expected to have a considerable effect on the column 


in 1 stiffness: of flat plate that accompanies buckling has as been ni noted 
: by various authors (25),(9), the resulting effect on column strength does not | 
seem t to have’ been studied thoroughly. analysis in the following para-— 
- graphs is introduced to demonstrate further the relationship between plate 
Assume tha that. the effective width be of a flat plate of width b is given by — 
. 
in which denotes the critical strain, to the effective area strain, 
and £ and m are constants. Consider asquare tube column such as that shown 


of the four flat plate elements which buckle at the same stress. Therefore, 
vetationship between average stress and strain €e is 
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in Fig The area of such a member is made up almost entirely ofthe area 


© RESULTS OF CRIPPLING STRENGTH a 


= COLUMN STRENGTH 


FOR 2014-T6 SQUARE TUBES 
—— EQUATIONS 2! AND 23 (me 1/2, B«1.0) 
tae BASED ON ASSUMPTION THAT COLUMN BUCKLING 
STRESS FOR FULL CROSS SECTION IS REACHED + 8 , 
EFFECTIVE AREA GIVEN BY EQUATION 20 
BASED ON TANGENT MODULUS VALUES FROM TEST 
OF SQUARE TUBE IN FIG. 


b/t = 25.6 


COLUMN 


= 


CALCULATED COLUMN 
FOR 2014-T6 SQUARE TUBES WITH 


EQUATIONS 24 ANU 26 (m=ir2, 


~- 


EFFECTIVE SLENDERNESS (RATIO, 


—COLUMN STRENGTH OF SQUARE TUBES WITH REINFORCED ) CORNERS : 


— 
— 
FIG. 3.-COLUMN STRENGTH OF SQUARE TUBES =e 
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The stiffness of this member, 1 by Eq. 21, is given by 


do _ e 


the effective area the stiffness g given by 
Eq 22 for the modulus of elasticity in the Euler column formula gives the © 
; following expression for column strength of the square tube member (the 
‘2 possible effect of local buckling on the radius of — of the column is 
_ neglected): 


that the ‘Stiffness becomes zero (that is, will at a euch 
that the tangent ‘modulus (do is equal: one-half the secant modulus 
This criterion for crippling stress was derived by R.A. Anderson 
and M. S. Anderson (21), but they did not extend the analysis to column buck- 
Column buckling curves have been ‘computed from Eqs. 21 and 23 for the 
square tubes used by Pride and Heimer] (13), using m = 1/2 and B = 1. 0, in 
“Fig. 8 and with the average stress- -strain data from Pride and Heimerl’s (13) 
Fig. 8 and the experimental value of plate buckling strain €or. These curves 
are indicated by the dashed lines in Fig. 3. The dash-double dot line in Fig. 
3 is the tangent modulus column curve _ based on the experimental stiffness _ 
“values | plotted in Fig. 1(c) for a square tube from the same lot as the tubes | 
_ having” largest b/t ratio reported by Pride and Heimer] (13). The 
points in Fig. are. the experimental crippling strengths from Pride and 
| Heimer! (13). Comparison of the curves ; and test results in Fig. 3 shows that 
the relatively simple method used in computing the dashed curves 4 
crippling strength for the thinner tubes. Nevertheless, these 


curves give at least an approximate e picture ¢ of the effect of local buckling o on 
strength. 


~The dash-dot curves in Fig. 3 show the column strengths that would be 


- computed on the basis of the assumption that the stress on the effective 2 area 
reaches the buckling stress for an ordinary column having the slenderness | 


ratio of the column in question, It can be seen that the latter assumption is 
J 
“unconservative by as much as 40% for these curves. _ 


sdf a column with total area A consists of an area Ao not subject to local 

. > buckling plus n flat plate elements with areas Aj and local buckling strains | 


€ ir and if Eq. _20 applies to each between 


in which the the expression in brackets is the effective area Ae. The stiffness 
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in which @, is the column buckling stress. Fig. 4 shows column curves from 
Eq. . 26 for ‘box section columns made up of flat plate elements similar to the - 
: sides of some of the tubes in Fig. $ plus relatively stable corner | — 
each having an area equal to the area of one of the adjoining plates. 
. _ The dash-dot curves in Fig. 4 are column strength values maaan by 
averaging the column stress values for the plate elements from Fig. 3 (Eqs. 
21 and 23) with the column strength values for the corner ‘elements, assuming 
that the latter elements develop the full column strength of a member having 
a the slenderness ratio of the column in question . The approximate agreement 
__ between the _dash- dot curves and the dashed curves in Fig. 4 suggests that 
this procedure of computing» a‘ ‘weighted average” ‘column strength might be 
one means of obtaining design values of column strength for members con-_ 


taining both plate element and elements not s bj ect to local bucklin 


_ TREATMENT OF POSTBUCKLING STRENGTH OF PLATES _ oa 


oy ‘The principal sp 

the postbuckling strength of plates: were published by the American Iron and 
Steel Institute (AISI) and the specifications for structures (23), (24) of 

aluminum alloys 6061- T6 and 2014-T6 by the Committee on Design in Light- 
weight | Structural Alloys (of the” Structural Division, ASCE. It may be of 

interest to compare these specifications in their treatments of some of the 7 

__ problems that arise when taking postbuckling strength into account in struc- 

oe specifications, particularly since the specifications for aluminum struc- 

tures have not been examined extensively in the literature. ee cr. 


_ The basic effective width formulas used are Eq. 11 in the one of the AISI 7 
"specifications and Eq. 16 in the aluminum specifications 
Effect of Local Buckling Column Strength. the light- gage, cold- 
formed steel specifications, the effect of local buckling on column strength is 
q taken into account approximately by the use of a form factor, Q, which is 
defined as the ratio of the ultimate strength of a short column (L/r: = Qin the 
— limit) having the cross | section n of the e given column, to the ultimate ereth 
_ Of the same short column, if local buckling were prevented’ by suitable means. © 
@ The quantity Q Oy is substituted for the yield | point Oy in the formula for 
inelastic column buckling. The term Q is the form factor for light-gage, , cold- 
_ formed steel columns.) The column curve in the elastic stress range is not 
In the aluminum alloy “specifications, the effective area of a column 
computed with the aid of Eq. 16 and the stress on the effective area is then | 
_ compared to the allowable stress t based on cross section 


full, 


— 
— 
— 
— 
— 
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wag Both methods are approximate in that they @o not take direct account of 
: cu in the effective radius of gyration of the column resulting from local 
buckling and the pronounced effect of local buckling on the stiffness of the 
column at stresses in the vicinity of the local buckling stress. In both cases, : 


I gross cross section is Radha and the effective widths of elements of the 
compression flange are computed from Eq. 16. The stress on the effective — 
area of the compression flange is then determined by multiplying the stress _ 
on the gross area by the ratio of the gross area to the effective area of the 
compression flange, including in each flange area not only the flange proper 
but also 1/6 of the area of the web. This stress on the effective area is then 
compared to the allowable stress determined from the cross section proper- F 
-tiesofthe gross section, 

‘The treatment of lateral buckling of beams in the light-gage, cold-formed 

“steel specifications is similar in that allowable stress is determined from the 
cross section properties of the gross section. This allowable stress is com- 
pared to the stress on the compression flange computed with the aid of the 

_ effective width concept. The latter * computation frequently requires a series of 

guccessive approximations in this c case, since stress on the effective area 


effective area, = 
Elements.- —In the light- -cold-formed steel ‘specifica- 
tions, “stiffened” | elements are defined as those in which both edges parallel 
to the direction of stress are stiffened by connection to a web, flange, stiffen- 
ing lip, or other - stiffening elements. “Unstiffened” elements are defined as _ 
flat elements having one unstiffened edge parallel to the direction of stress. a 
a For compression members consisting entirely of unstiffened elements, such © 
as single angle struts, the allowable stress is limited to the buckling stress 
_ divided by the factor of safety on ultimate strength. In other words, there i. 
no attempt to take advantage of postbuckling strength for this type of member. 
The same provision is made in the aluminum alloy specifications. In cases” 
where unstiffened elements do not make up the entire area of the section, such © 
as beam flanges, the allowable stress in the light-gage, cold-formed steel 
‘Specifications is equal to the nerpenaee stress divided by the factor of safety 


the factor of safety to the buckling stress itself as b/t. increases s from 30 to 
50. In his commentary on these specifications (28), Winter points out that 
advantage is hot t taken of postbuckling strength of flanges with b/t less nn 
30 because such members undergo excessive distortion at stresses exceeding» 
the local even though considerable strength 


remain, 


— 


In the aluminum alloy specifications, the postbuckling strength of ace 


_ elements such as beam flanges is takeninto account in the same way as is the 


of elements along both unloaded edges. How- 
ever 


- 


a Effect of Local Buckling on Strength of Beams.—In the aluminum alloy a 
dane _ specifications, the effect of local buckling on lateral buckling strength of beams ia 
{ 
il 
| 
— 
a 7 


at Design 1 Loads.- —The aluminum alloy specifications 
not permit local buckling at design stresses. _ They limit design stresses to 
- values less | than the local buckling stress. This prevents the appearance of 
# large buckles which may be unsightly at design loads and makes it unnecessary | ae 
to take effective width into account in computing deflections at design loads. 
5 The light- -gage, , cold- formed steel specifications permit working stresses to 
“exceed local buckling stresses. and point out that this may result in some 
_ cases in noticeable deformation at working stresses without detriment to the - 
_ ability of the member to carry design loads. Special provisions are made for 


taking the effects” “of local buckling into. account in computing deflection at 


The postbuckling behavior of flat plates has been investigated extensively, — 
most of the work having been associated with either ship plate structures, 
light-gage, cold-formed steel structures, or aircraft structures. Excellent 
summaries of the work done in each of these fields are available in the 
_ Merature. . The various investigations have provided considerable information 
on the effective width and enue strength of plates, some of which has been | 


has not been investigated thoroughly, and “appears to merit 


_ - Postbuckling strength of plates has been taken into account in some speci- 
fications for civil engineering type structures, notably those specifications (24) 
_ published by the AISI and | specifications for aluminum alloy structures, pub- 
- lished by ASCE (22), (23). These “specifications | generally agree in principle 


- although details of the treatment of postbuckling strength differ in the two 


"specifications. 


= 


_=s ‘The following symbols, adopted for use in sities paper and for the guidance | 
of discussers, conform essentially, with “American Standard Letter Symbols 
for Structural Analysis” (ASA Z10.8-1949), prepared by a committee of the 


American Standards Association Society representation, an approved 


area of section; 
A = effective area; +, om 

area of flat plate element; 

= area of element not ‘subject to buckling; 
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x column end condition factor; + 
= 4 
a form factor f for igh -gage, cold-f formed steel columns; 


critical strain 


ffe st 
ctive area s rain; 7 & 


ocal strain of flat at plate element; 


&. 
= = compressive e yield strength; es: geo 


= average stress on gross section area; 


= column stress; 
ith 
structural steel yield point. 3 
vi oy - af. 
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Pro oceedings of the American Society of Civil Engineers 


By Oliver A. B 1M.ASCE 
y oliver A. 1 @ wrt 


‘The paper presentsa development of space utilizing conventional 
framed trusses, as basic units so arranged and connected that the end product | 
F is an open framed structure of the same general shape as folded plates or aie 

rel shells. It is shown that in ordinary cases these folded plates and barrel 


ghells are and subject to a conventional analysis. _ 


7 nals ne because of their str iking a appearance and adaptability toa ‘great. 
a variety of shapes. There remain two major disadvantages to concrete struc- 

— tures of these types, however. The first and most serious is cost; a concrete 
roof poured over complicated formwork can seldom be constructed more eco- 
nomically than other types. The comparison of construction cost between frame, 


concrete shells and framed structures will almost invariably favor the frame, 


The second major disadvantage is that of analytical complexity; 
while it is to be hoped that this factor should not inhibit the use or develop-— 
ment of any type of structure, the fact remains that it does. In the folded plate | 

theory and in ASCE Manual 31 are presented analytical tools that bring the de- 
‘sign of plates and shells within the grasp of any ‘Teasonably competent designer. 

- - Note.—Discussion open until November, 1961. . To extend the closing date one month, 
a written request must be filed with the Executive Secretary, ASCE. This paper is part | 
_* the copyrighted Journal of the Structural Division, Proceedings | of the American So- 


_ ciety of Civil Engineers, Vol. 87, No. ST 5, June, 1961. 
1 Chf. Civ. Engr., Ehrhart and Arthur, Inc., San Francisco, | Calif, . 
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However, ‘until that designer has carried through the: design of several of ne 


 swers. . On the other hand, 
methods, especially those structures that are . statically determinate, are e very 
"appealing by comparison: even though the analysis 1 may be oe Vid 
FOLDED PLATE STRUCTURAL FRAME 
"While structures even simpler than the one shown schmetically in ‘Fig. 1 
Ney are possible, this framework is easily understood and would be quite conven- a 
_ tional for afour-bay building of this type. The cross section ofa typical corru- — 
iron using: this framing system 1 would be’ be as ‘shown framing 


greater section economy and for ease of erection. 
shown will, for reasons explained later, be somewhat limited to fairly ol 
: buildings of nominal span; but for building lenghts of 100 ft to 120 ft, with spans" 
of pe perhaps 60 ft, , reasonably small framing members can be used; no interior 
- cross-ties will be requiredat the knees of the frames except at the ends of the 
building, where they can be concealed in the walls. PO een ee 
a The structural action of a building frame suchas shown in Fig. 1 is surpris- 
_ ingly simple, and can perhaps be visualized more easily from a qualitative 
viewpoint. Because any further developments of this framing system, up to and 
including the arched-rib barrels shown subsequently in Fig. 9, utilize the same 
_ basic structural action, it will be advantageous to examine this rather simple 7 


"structure in some detail before iy aga multi- element structures. Note 


essential to the structural action of this system. 
‘The basic framework is shown exploded in Fig. 2, and is seen to ee es- 7 
sentially of two inclined trusses resting on two rows of posts at the sides of — 
the building, | each truss being ‘supported by the other at the peak of the build- 
ing, and the end reactions of the trusses being absorbed by the ties across the 
end pairs of posts . The solid lines represent the posts, main rafters, and eave 
and ridge struts. The dotted diagonals and end ties are the essential additions © 
oa that convert the inclined plates AEFK and RLFK into inclined trusses . These 
two trusses support all the roof loads by transverse bending in the sloping 
“rafters, such as load Wis supported by r rafter DG. ‘The two inclined trusses 
then act together as an arched frame, the s springing reaction being absorbed by 
_ the end ties AR and EL. For truss AEFK, each sloping rafter such as BJ, CH, 


me so forth, is ‘supported vertically byt the ‘oe post on one ond and by the 


im 
‘on 
ae presented because he may not understand the development leading to the an- — 
— 
— 
— 
— 
— 
| — 
2 es components of the loads in the diagonals are absorbed by the main sloping rafters | pbk 
a fa and by the eave andridge struts. The outward thrust of the end rafters AK and ne 
Ae: EF is absorbed by the end ties AR and EL, balancedexactly, it will be seen, by —_— 
Sere the outward thrust in the end rafters KR and EL of the opposite truss RLFK. [im 
eee At first examination of the loadcarrying action of the structure, it may ap- a 
i pear that there would be some instability in the folded plate structure from © a a 


-TYPICAL SINGLE ELEMENT FOLDED PLATE at 


| 
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loads that are not symmetrically y placed with respect to either center line ‘ 


the building, but that | & not the case. _ Consider, for example, the load W shown 


reasonable to conclude fo that the structure shown is stable under any pattern of | 
vertical loads. Because the purlins, that have not been shown, ‘merely distrib- | 
ute the loads to the rafters and do not otherwise contribute to the structural | 
action, the general load W can properly be shown as applied to a rafter, 


by the rafter GD acting asa a beam ‘spanning between support ‘points 
and D. Member GD, incidentally, will be subject to both bending from direct 
application of load w, and axial load from truss action in truss AEFK. Every 
‘other member in the roof will alsobe stressed because of truss actionto sup- q 
port this one load W, but none other will be subject to bending, though all the a a 
sloping rafters would normally be designed | for both bending and axial loads. q 
The load W is thus transferred proportionally to points D and G, and these a are- 
- Yertical loads, the same as would apply in the case of any inclined beam span- 
ning between two simple support points. Now the proportion of load | that is 
transferred to the D side is sustained directly by | the post DZ, and it will be 
found that this post DZ is the only vertical member other than the four corner 
posts to sustain any vertical loads for the example shown. Then, the propor- 
tion of load W transferred to the G side of DG (designated as WG) will be. sus-— 
tained by the folded plate action of the structure. It can be readily seen from 
> an overall look at the building that Wg will be transferred to ground in this | 
case by the following proportions to o the four corner posts: = WGto each of 
Po and LZ, and 4 Wg to each of AZ and RZ. _ This is purely static balance— 
no other possibility exists and no other post can be Subject to > vertical load be- 
_ cause no sloping rafter other than DG is subject to any load non- -coplanar with 
4 the inclined trusses. This overall concept may be easier to visualize if mem- 7 
ber DG is considered as two parallel sections, one above the other; one acts 
7 as a distribution beam totransfer the loads to ends D and G and the other sec- — 
tion acts as a web component oftruss AEFK. 
Be visualize the member stresses resulting from Wg, it is also probably 
easier to consider the overall ‘picture. . Consider the inclined trusses acting 
as a triangular arch, with the ridge strut (to which the vertical load Wg is © 
_ applied) at the peak, and the eave struts at the buttresses. The buttresses are 
tied together m4 the tie rods 3 AR and EL. This concept is illustrated in Fig. 3, 


_ RLFK can act as inclined arch members, the load WG will be transferred - 
‘through truss action to the end sloping rafters AK, KR, EF, and FL, that are : 
tied by the rods AR and EL. Examining Fig. 3 further, it is clear that the load 
_ WG when applied to the arch can only produce loads in the archthat are in the 
_ plane of the trusses, so the srunees can n transfer them to the end frames AKR- 
and EFL. . Thus, the load WG 
action inthe system composed of the two inclined trusses and the tie rods, that 
transfer the load to ground through the four corner posts. 
To evaluate a numerical example, assign aloadof 1200 lb to W, considering 
that W ’ is at midspan of DG, and assign a roof pitch of 1: :V8 as shown in Fig. 3: 7 


One half of Ww, , or 600 lb, is carried directly to ground by post - DZ. Then WG 
equals 600 lb, and this load produces forces in each inclined truss of 4 4(600) 3 2 


or 900 lb, applied to each truss at point G and acting a to GD and GM. 
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‘This is simple triangular arch action of AEFK and RLFK. _ The load of 600 Ib 
is applied at the peak, and the bases of the arch are kept from spreading by 
the end ties AR and EL. Now the stresses of all members of both trusses may 
_ be found directly. All the members except AB, DE, ML, and PR will be stressed, — 
-members EF and FL to 2 of 900 lb (or 675 lb) and members AK and KR to ¢ © 
of 900 Ib (or 225 lb) . Then, because frames AKR and EFL are simple triangu-_ 
lar tiedarches, the vertical component in the sloping members can be extracted 
and transferred through the posts to ground. The vertical component in each | 


_ of EF and FL is 4(675) = 225 lb, or 2 WG as stated previously, and in AK — 


and KR is 4(225) = 715 4 WG as Stated previously, = 
From this cursory analysis and qualitative examination, it is seen that 


toa rafter is s distributed proportionally to each end of the 2 rafter, ; and carried - 
to ground either directly by the post supporting the end of the rafter or by the 
arch | om of the ) inclined trusses 8 transferring the portion | of | the 


—Tension at ends of 
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3.- —TYPICAL CROSSECTION OF SINGLE BUILDING 


load to the four end posts. ‘It can also be seen that if loads were applied to the © 
- structure only at the ridge along KF, and the structure were weightless, the 


only vertical supports required would be four corner posts. The intermedi- 


the trusses ina direction non- -coplanar to the planes of the trusses. 
Ordinarily, and to produce highest member stresses, the entire structure © 

would be considered subject to dead load and full vertical live load. _ This load 

‘would be transmitted to the my: therein. One- 


‘ridge of the building where it would be carried by the arch action of the two. 
inclined trusses tied by rods AR and EL. This carrying action will normally — 
ae compression in the sloping rafters and in the ridge strut, andtension 
in the diagonal rods, the eave strut, and the end tie rods. _ Under wind loading 
q and unsymmetrical vertical loading, however, ‘it “may be found that stresses | 


_ will reverse in many of the members | so they ‘must be designed accordingly. 4 
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walls is not considered rn og For a very light building with considerable — 7 
wall area, the diagonals suchas CG, DF, and so on, can easily be put into com- 
pression on the windward side of the building; it will not do to consider that — 
‘they act only as tension members, giving way under compression loads and — 
letting some other set of members carry the loads. If" for example, the di- 


: eguuis intruss AEFK were designed only for tension forces and made of very 


slim rods, they would tend ‘to ‘nadie: if ever placed in ‘compression. . With a 


buckling of the diagonal members, truss AEFK wouldthen not serve as a prop- : 
er support for truss RLFK at the ridge of the building, and RLFK would be 
subject to loads along line KF “that are not coplanar with the truss. To ‘illus- 
trate this point, consider a cross section at frame BJP, with the wind acting 
on the B side of the building, as shown in Fig. 4. Consider only a wind load 
component parallel with the truss, because the horizontal load can always be 
resolved into a vertical load and one parallel with the truss , and the vertical 
load is absorbed directly by the vertical post. Now, if the diagonals in AEFK 
buckle, the axial load in BJ must be applied to truss RLFK in a direction non- 
_ coplanar with the truss, a a condition of loading that = _ truss cannot sustain. 
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_ able that the end tie rods will be designed for compression as well as tension, 
_acenter vertical post may be required, as shown in Fig. 5. This member FY 54 
would fix point. F in space and stabilize » the end wall against wind load from 
either direction. It would have to be arranged to pass tie rod EL, but this is 
ordinarily a a simple detail. ‘The brace YL would of course be designed for 
both tension and compression, or x- -bracing would be provided. 
_ _, Example. —As a typical example of a small peak-roof steel frame building 7 
of the shape shown in Fig. ; * consider the following design conditions: four 
bays at 20 ft spacing for the frames, anda building width of 50 ft. “The roof 
pitch is chosen as 5:12, with corrugated iron sheathing over the purlins. For 
greater section economy, the sloping rafters are welded for continuity at the 
Pe peak. Member sizing is very ee -forward; it is found that a 12 psf roof 


8 


FIG. 6. _TYPICAL ‘BUILDING S SECTION 


= end wallat eave ve height. An axial tension of about 18 kips must be sustained | 
by each tie rod, so the connections must be carefully detailed. The end wall a 
a side wall framing and bracing will be more or less conventional, as will 7 


a ‘the purlins. | tt will be found that a fairly heavy compression member will be 
requiredat the ridge, because this member is the combined compression chord 
of the two inclined trusses; but a double purlin is ordinarily | usedat the ridge, 
anda: modest lacing system will transform these purlins into an adequate com- 

a pression chord. Similarly, at the eave strut, a compression member will be 
_ required when wind loads force the diagonals into tension; but eave struts are 
generally very good compression members. The main . concern will be that of 

_ satisfactory connections, especially for transfer of tension stresses. 

\ A typical paeneatien through the building is shown in | Fig. 6. The member sizes" 


: 7 | ; ition | heck of the diagonals for reversal of stress, the bracing 
addition to a c alan Reranee it ia imnroh- 
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hung directly he the purlins, that also 8 serve as stiffeners for the diagonals: re 
acting as wind bracing. Itis seenthat the weight of the framing for this struc- 
ture compares favorably with that of any other possible framing system, , and 


_ the absence of interior exposed framing members gives ita marked advantage 
-Overaconventionaltrussed roof. 
Further Extension. —The simple folded plate system of Fig. 1 has been ex- 
amined probably in more detail than seems warranted, because the object of — 
this presentation is that of verifying the feasibility of multi-element systems > 


such as shown in Fig. 7, or barrel- ~shaped f. frames as shown ii in Fig. | 9. ‘But the 
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critical examination of the simpler structure has an ‘insight 
to the basic action of the system, so that further use may be made of the — < 
ote It has been seen, or can be deduced that folded plate frame structures thus - 
¢ far considered consist essentially of plane trusses at some angle with the hori- 
zontal. They have their top and bottom chords stabilized with tie members at | 
the: endof the trusses to convert the axial force inthe end element of the truss" k 
from a sloping load to a vertical one that can be accepted by a vertical post. — 
In the foregoing example, the stabilizing system for the tension chords of 
the trusses was the row of posts, but the fact that these posts absorbed verti- { 
cal load from the sloping rafters is only incidental to the structural action. | 
Actually, the: only requirement at the tension chord for folded plate behavior 
is that a ‘support system be provided | that can exert a resistive force 1 non- 
_ coplanar with the truss under consideration. That is, the truss does not re- 
quire a vertical support to ground at this point—even a horizontal truss would 
do. Consider, for example, a double peak roof as s shown in| Fig. 7. (Note that 
the building width is not limited to two side-by-side elements as shown, ms 


also that ‘no vertical supports are required at interior valleys, as at points 
M,N, P. . Along eave AE, the action regarding vertical loads on the sloping 
afters is the same as in the foregoing examples. But along eave LR the fact — 
that no intermediate post supports are provided does not prevent the contiguous 
trusses F FKRL and F' RL from and vertical loads, 
Because of the 
of each of the wusees FERAL. and F'K' RL: in their own plane, point 
M can move only in a direction perpendicular to either of the planes of the 
_ trusses under consideration; and because point M is in both trusses, itcannot _ 
_ move (except of course within the limits of the deflection of the trusses in 
their own planes). This very simple consideration is the key to the explanation 7 
of the action of this type of structure. That is, , considering Fig. 8 again and st 
remembering that each element such as DG and GM of the frame shown is part 
"4 ofa plane truss held fixed in space at each end, it can readily be seen that any 
_ whieh can point, such as point M, is in two non-coplanar trusses, each of 


which can move only in adirection perpendicular to its own plane at any point. | 


A set « conditions aed exists that fixes each intersection i rigidly in 


i The nantes action for a load such | as W in Figs. 7 or 8 may now be con- 
sidered. _ As in the previous example, the load is distributed by proportion to. 
points M and G; designate the proportionate loads W}y and Wg. To consider 
= first: this” load will be carried ed entirely be ¢ trusses AEFK and RLFK the 


elements for these two trusses, namely the row of posts at B, C, and D to 
stabilize the chord ABCDE, andthe truss F'K' RL to stabilize the chord LMNPR, | 
will move in a direction perpendicular to their own planes and let AEFK and | 
RLFK act as an arch, as before. That is, line AE can and will move horizon-— 
tally until truss AEFK is stressed, and line RL will move in a direction z 


-pendicular to the plane of RLF'K' until RLFK is stressed. So there is no ac- 
tion present to prevent the twotrusses AEFK and FKRL from acting as a sim-_ 
ple arch. Similarly, Wy is carried by trusses FKRL and RLF'’K' acting as 3 
_ tension arch. There is no action present that would prevent these a 
- from stressing independently of the rest of the members of the roof. ee 
a Thus, it is seen that the structure of Fig. 7 is stable, admits of a rational 
analysis, and is statically de determinate. _ Also, an added degree of adaptation 
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‘has been de emonstrated; it has been shown that vertical supports under interior 


valleys, as at points M,N, P, are not required; by similar reasoning, a con- 
_tinuation of trusses built on to the eave SW would obviate the necessity for 
vertical supports under points T, U, V. The only requirement is that ¢ each 
chord of each truss have a support system non-coplanar with the truss. _ ee r 7 
_ Barrel Shaped Structures.—The structure represented by Fig. 9 consists 
of a network of members in the planes of the enclosing skin of the — > % 
. “that is, members directly contiguous to the walls and roof only, with no interi- 
or support posts under points E". Only two elements, A....E and E....J, are. 
>. shown, » but any number could be used. The only requirements are that the eaves 
of end elements as at A and J: are stabilized as with side walls, and that 
the end frames, as ABCDEA, are trussed for stability in their own planes. In _ 
; ‘Fig. 9 there are no supports under interior valleys. Also note that building | 
_~ is” ‘not limited to two elements as shown, number of plates per element 
is not limited to four, and length of building is not limited to four bays. oe 
_ _ The obvious requirement of the structure is stability, preferably without the 
use of rigid joints. If itcan also be shown that the structure is Ss statically deter- 
- minate, an obvious advantage from the designer’ s point of view will be demon- 
strated. . Rigid joints will add considerably to wed strength and stiffness and 
are - advantageous from a construction standpoint, but i it will be comforting to 


know that they are not required for stability. 
Referring to Fig. 9 and examining the structure from. only a qualitative 
point of view, ‘consider the load P > supported on member B" "Cc", that as before | 
acts as a beam todistribute the load proportionally between points B” andC”. 

: Referring now to Fig. 10, points B" and C” are effectively loaded with Pp and 
Pc, respectively. Each of these loads is carried by a separate trussed arch 
system soeach must be considered separately. First consider Pc: in recalling 
the analysis of the structure shown in Figs. 7 and 8, itis seen that the load Pc 
in Fig. 10 will be sustained by the trusses BCC’ B' and CDD'C' in exactly the — 
same manner as the load Wg in Fig. 8 was sustained by the trusses AEFK and 

RLFK. The load Pg produces a slightly more complicatedaction on the struc- 
ture. Referring to Fig. 10, it will be seen that PB canbe resolved into two com- 
ponents Pp and Pp. The component PBR is at slope that bisects the angle 

_ A"B"C", and Pg is at the same slope as element A"B". Now it is seen that 
load PB is carried entirely by the truss ABB'A', of which element A "B" is 

orthogonal web member. The only members of the entire roof that can be 
_ stressed by load PB are the members of this one truss ABB'A' because the 

. adjacent trusses AZZA' and BCC'B' merely move sideways at their intersec- 
tion points with ABB'A’. , and thus do not absorb stresses; so the member 
from load PR are immediately obtainable. Next, consider Pp: 
load acts directly ontrusses ABB'A' and BCC'B' actingtogether as a triangu-_ 
lar arch in exactly the same manner as did the load WG in the example of Fig. 
8. It is thus carried directly by these two trusses, and the stresses in the mem- 
bers of these two trusses are also immediately at hand. The fact that the load > 
Pp is atan angle withthe vertical has no bearing onthe situation. So it is seen 
_ that the loads Pp and d PB produce stresses only in the elements of trusses — 
= A and BCC'B', and the resulting stresses in the members depend only | 
on the  Senmigueation of the structure and the magnitude of the applied loads; 
that is is, the member stresses do not depend on the relative crossectional area 
of members. Because these member stresses were the result of a general 
load P arbitrarily placed on the tructure it becomes apparent that this struc- 
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The action at the ends of the trusses, such as at BC in truss BCC'B', is 
_ similar to the action in the triangular roof of Fig. 1. _ The end wall framing is» 
7 arranged such that a diaphragm is formed that will absorb a load applied col- - 4 
_ linear withelement BC; andas the end wall AEJXYZ is an effective ered 


7 also, the load in | BC is transferred to ground. _ Because every other load to 


in exactly the same manner as the load P, it is seen that there is a stable 
structure with no framing members that are not 


ing members, because it will act essentially as a simple beam with a _ 
equal to the difference in elevations between the eaves and the ridge, in essen- 
‘tially the same manner that a long-barrel shell spans. 
There are obviously many modifications that may be advantageous, not the 
least of which are rigid joints. This modification at once produces Statical 
indeterminacy, because an interaction in deflections willarise between the arch 
ribs and the plane trusses. However, an element of reserve strength is added, 7 
even to the point at which some of the framing members may be yy 
For it is — joints such as B", 
Si 
Plywood Sheathing 


Pru 
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FIG. 1 1. SECTION OF ‘WOOD FRAME SIX PLATES 
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F" and so on, , are rigid then the diagonal members in the two 
top plane trusses, such astrusses BCC'B' and CDD'C' can be eliminated. 
_— loads are carried by the arch ribs spanning across the building and 
_ supported by pairs of valley trusses such as DEE'D' and EFF' 'E’. . Whether or- 
_ it would be advantageous to eliminate the diagonals in the top p planes is an- 
other question, but it is desirable to have available a structure in which there — 
‘more than one way to carry the loads. 
Extension to Wood Roofs and Multi-Plane Elements. —The development thus" a 
4 far has been concerned essentially with plane trusses of steel framing mem - -_ 


bers, but neither trusses nor steel are essential. A very satisfactory alter- 


nate construction is that wherein a plywood diaphragm replaces the steel di- 
agonal web members, and glued laminated beams form the chords for the ele-_ 
+ ments. The sloping rafters are eliminated dexcept a as stiffeners for the > plywood. 
* Consider the construction shown in section in Fig. 11. A6- -plate element 
- is shown, joined at its edges to adjacent elements. Because the qualitative 
= analysis offered in the section on barrel-shaped structures did not take into 
account the Specific number of plates per element, that analysis" is general for 
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Bn multi- plate element. * The only basic requirements for the elements are: 


(1) the ability of the webs: of the plates to carry the roof loads between the = 
- chords and to carry the shear from the beam action of the plates; (2) ‘chords 1} 
at the intersections of the plates; (3) plane plates with straight chords; and 4 
(4) rigid diaphragm end walls to Hall the web shears from the plates. In 
Fig. 11, double - chords are shown at the plate intersection points, but this is 
only for construction convenience. The individual plates are prefabricated a 
a plywood web with a chordmember fastened to each longitudinal edge, and the 7 
a contiguous chordmembers are merely bolted together in the field. Ordinarily, 
stiffeners for the ‘plywood web will be required, spanning between the chords, 
these are not shown. = 


aa Analysis of an element framed in this manner follows the same procedure — 

as for elements framed of trussed plates, except that the plates act essentially 4 

_ as inclined plywood plate girders. Roof loads resolved into components as 
indicated in the previous analysis act to produce girder stresses in pairs of 
plates, and these girder stresses are thus transferred to the rigid end dia- 


_phragms by the plate action of the webs and the chord action of the glued- 
laminated members. 


Detailed analysis of structures framed inthis manner shows that quite mod-_ 
est members suffice for reasonably long-span elements. Elements of 20 ft 
width and 60 ft length, with 6 plates as shown, require total chord areas of 
Bp ye 20 sq in. at each intersection, and 1/2 in. plywood for the sheath- 
ig on the top four plates; 1 in. plywood is required on the plates adjacent to 
the valley intersections, inasmuch as these plates | most of the alll 
loads tothe end diaphragm walls. 


CONCLUSIONS 


tt has been shown that in a good percentage of cases the exposed framework i 
usually associated with simply-connected roof structures can be se of folded. 
fae the extent of removal of intermediate post supports. ‘The t use | of a 


features of rigid frame buildings. For ‘large buildings in which the use of bar- 
“rel shells of concrete is a possibility, consideration can certainly be given to 
a steel frame roof structure of the general type represented by Fig. 9, wherein 
a neat and reasonably economical reat and ceiling will result when covered with | 
and conventional roofing, and a plastered ceiling is applied under- 
neath. If it is desired to use a more rounded structure than the one of four. 
planes per element shown, it is readily apparent that more plane trusses, per-_ 
haps 6 or 8, could be used in each element without creating any stability or 
analysis problems. Furthermore, aside from the obvious advantages of weight, 
cost, and analytical simplicity this arrangement of framing is not limited > 
the — range of available tothe of barrel shells. 
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ings, non-symmetrical shapes, and other such ordinarily complicating factors 
_ can be readily handled both in the engineering office and at the construction _ ; ee 
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GEORGE 7, ASCE. —The writer is. ‘most gratified by ex- 
tensive discussion this paper has received. Many of these comments not — 
“tensive but importantly supplement the content of the paper, Taken together 
- with a number of communications received in personal correspondence, one 
‘obtains the impression that a service to the profession is being performed by - 
reviews of this type. Barnett, however, is of the contrary opinion and implies 7 
that, “this type of paper” may actually be misleading because, in view of its 
& broadness, it precludes sufficient attention to detail. The writer was 
careful to point out that, of necessity, this was a review in breadth rather than 
in depth. A paper such as this is not addressed to the research worker whose 
business it is to be familiar with the literature. It is intended to assist al 
: _ busy practicing engineer by acquainting him with recent research findings and 
_ with some of their implications. A bibliography of thirty-three items should 
to. lead one to a deeper acquaintance with any one of the 
topics. It is not believed that any responsible engineer would rely in his work © : 
__ merely on the abbreviated information | of such a review without broadening » 
that information by referring, at least, to the source material given = that 
_ Because comments | on h covers topics have been received by more than one © 


rather 


_ Tensile Strength of Concrete. _ the paper the opinion had been advanced, 
® conformity with S. A. _Guralnick, M. ASCE (13), that for a rational approach 
-_ toa variety of strength problems in reinforced concrete it is necessary to 

_ know not only the compression strength ‘. , but also the tensile strength ft. It 
was _ further suggested that these two properties are not uniquely related. 

Cowan, Julian, and Zia all agree with the first of these propositions, and 
_ Cowan also agrees that ‘ “the compressive strength and the tensile strength 
a are, therefore , (to be) determined by two independent series of tests.” The 


probability that f, and fj are largely independent properties is underlined by 
7 : fact that the three aforementioned con ributors ropose that fi; may be 
assumed to be proportional £,.2/3, 3 ‘1 and 4 respectively. This 
_ divergence reinforces the writer’s suspicion that the tensile strength depends, a 
at least in part, on other parameters of the constituent materials of concrete _ 
é than does the compression strength. Studies on fundamental behavior of con- 
crete by the writer and his eee, -now (1961) under way at Cornell 
February 1960, by George Winter (Proc. Paper 2384). 


12 Prof. and Head, Dept. of Structural ett , Cornell Univ., Ithaca, N 
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of concrete may largely depend, among other factors, on the strength of bond 
between aggregate and paste (and thereby on surface condition and mineralogi- © 
cal nature of aggregate), in addition to tensile strength of the paste, and on 


University, suggest, in a very preliminary n manner, that the tensile. strength a ; 


- microcracking produced by y shrinkage (as explained subsequently). Compres- 
sion strength, on the other hand, can be expected to depend less on i 
; factors and more on the compression | and, _ possibly, the shear strength of 

Indirect support for the importance of the tensile strength is furnished by 
the fact, communicated to the writer in a letter by E. Rosenblueth, M. ASCE, 

that in the 1 new Mexican concrete design code the allowable shear and bond 
stresses will be made proportional “oie than fo. The particular shear 
‘oo value of 0.94 vic mentioned by Rosenblueth, “incidentally, is almost. 
identical with the value 1. fo suggested by Julian. It t is of i interest to note 
that the forthcoming new edition of the A.C.I. Building Code, in all probability, 7 
ss also relate allowable and ultimate shear stresses tovfe r rather than to f,. 
on of Concrete. —To some extent the writer shares Julian’: s 
misgivings in regard to utilizing concrete strains in excess of about 0.002 
and agrees with the implications that this seems to call for caution in the 
utilization of yield points | in excess of about 60,000 psi, particularly for com- © 
ssion reinforcement. . It should be said, though, that in extensive tests at 
Cornell University on beams with steel yield points up to 90,000 psi and more 
no particular difficulties have been encountered (34). In these tests, however, 
compression reinforcement played only minor “role, Limited experience 
with Kam 60 steel in Sweden (86,000 psi yield strength) also did not seem to © 
indicate difficulties traceable to microcracking (35). 
regard to such microcracking, the aforementioned investigations 


Cornell University, very much in their beginning stages, suggest that signifi- 7 


cant microcracking exists in concrete before any loading is | applied. The cause 
for this appears to be shrinkage and possibly other factors, and it is the vary- 


ing degree of this microcracking of virgin concrete that may play a role in the 


aay of the tensile strength. Under load, and particularly at higher 7 


‘Stresses, m microcracking not only of greater extent: but of a different kind 7 
appears to | develop and it may be this type that is primarily responsible for 
the descending branch of the stress-strain curve. However, after only about — 
- one year’s s investigation this: information is of an extremely tentative nature 


_ and no practical conclusions whatever should be drawn from it. It is merely 


mentioned as a further illustration to the effect that a more rational under-_ 


standing of structural behavior m must t be founded on of the 


_ Instantaneous and Creep Deformations of Concrete.—Gabriel and Julian 
suggest , that customary value for the ‘short- ‘time modulus of concrete, 
1,000 f. is not satisfactory for the entire ra KS of concrete strengths now 
being utilized, and the latter suggests 50,00 c as a better approximation. — 
_ Another expression that has been advanced is 1, ie 000 + 460 {. Rosenblueth 
stated that in the new Mexican ‘code Eo will be ‘assumed proportional 
* regard to long-time deflections, that become increasingly important with 7 
the i introduction ¢ of higher strength materials and consequent shallower mem- Z- 
bers, Julian suggests a reduction of the short-time modulus of 10% to 75%, and 


_Rosenblueth states that a reduction of 15% will be used in the Mexican Code. 
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hn ‘though purely ‘phenomenological of concrete de- 
_flections, recently performed by the writer and one of his collaborators (36), P a 
suggests that the of an effective concrete modulus may not be the 


time modulus, and that practical methods canbe devised. In particular, 
working backward from deflection measurements in sustained- load beam 
_ tests, it was found that if effective moduli are used for estimating final long- 
"time deflections, an effective modulus of 350,000 psi appears reasonable for 
€ , = 2,000 psi, and a modulus of 400,000 psi for f¢ = 5,000 psi. It is seen that — 
“these two values bear no recognizable relation to the short-time moduli of 
these two concretes. The difficulty may possibly stem from the impractibility 
am separating long-time deflections due to creep from those due to shrinkage. | 
Strength versus Stress.—In the introduction to the paper the point _— 
made that it is the present trend instructural engineering to deemphasize the 
- concept of stress in favor of that of strength. It was pointed out that strength _ 
may depend on plastic properties, but may also depend on others, of which 
examples were given (brittle fracture, fatigue). A more exact formulation 
= have been to say that actualstrengthis being emphasized at the expense — ; 
of the hitherto prevailing formal criterion of maximum stress computed on | 
“the basis of elasticity, particularly in such cases in which these elastic 
stresses are no realistic measure of strength. 


‘The writer quite agrees with Julian that this does not t imply that stresses 


contrary, in situations such as fatigue or brittle fracture, and for all ma- 
_ terials that are essentially brittle innature, the magnitude of elastically com- 
_ puted stresses continues to be the best available measure of strength. The 
main point that should be made here is that in such situations the conventional 
way of considering each individual stress by itself, rather than analyzing an 
entire biaxial or triaxial stress situation, may show very little correlation 
strength performance. v various attempts” to analyze the strength of 
- concrete members under complex stress conditions that have been mentioned 7 
_ in the paper and that are supplemented by the investigation communicated in 
-Zia’s interesting contribution, are illustrations of this situation. 
7 he Deformations.—Zaslavsky and Julian, with evident justification, have 
pointed out that one of the most important final criteria of performance is 
7 deformation under load. There is no ) disagreement with this truism and with 
_ the necessity of accounting for deformation, - particularly in connection. with 
the newer, non-elastic design methods. The reason for not emphasizing this 
- aspect resides in the scope of the paper. It has been its sole purpose to relate 
_ material properties and performance to structural behavior and primarily to 
_ strength. In this connection those material properties that have been discussed ~ 


are of relatively secondary importance in n regard to because 


is creep deformations which have been touched on. 


The writer is not sure that Zaslavsky’s suggestion to regard strain as a 7 


strength | criterion is altogether promising. The accepted meaning of strain 
is that of unit strain, that is, of local relative deformation. It is true that the 


- integral effect of these local deformations results inthe overall deformations | 


of the structure. It is equally true that these overall deformations are 


essential ‘performance criteria and cannot be allowed to become excessive. 
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This does not m mean, however, that highly localized | strains cannot be allowed 
to assume values that are large multiples of those average strains that would | 
be: regarded as permissible. Such large localized strains occur regularly and = 
"without ill effect in most welded connections and in many other details, pro-— 
4 vided ductility is preserved. However, the same magnitudes of strain at the 
_ roots of notches and under triaxial conditions, may have the most catastrophic 
_ consequences. It would seem, therefore, that unit strain per se is not gen- 
=: a neta performance criterion, while it its integrated effect, the overall 
— By means of. ‘the simple, indeterminate truss of Fig. 6 


it in many cases impossible to design an inde- 


- 


terminate s structure in such a manner sr that all its are to ca- 
pacity. The same structure illustrates that under plastic conditions this 
economical “condition obtains au automatically. Barnett has attempted to cast 
iy doubt on this peculiarity of plastic behavior by analyzing the deformation of 
_ a structure of the same type, but with dimensions so contrived as to make the 
application of plastic theory "invalid Had Mr. Barnett ‘drawn Fig. to o scale, 
as is done in Fig. 17, the unrealistic nature of his argument would have been 
apparent. It is always possible, by Anventing special and usually unrealistic 
situations, to reduce ad absurdum the validity of a method that is perfectly 
serviceable under normal and practical conditions. In however, an 


a sequently, Barnett’s s Own n data, if corrected, show that when bars 2 attain the 2 


- 
q 

4 
| 

i 
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yield strain, bar wo would reach o only about of its strain, 
That is, plastic maximizing of resistance will occur even in Barnett’ S ex- 
_ treme example. _ Likewise, the actual deflection corresponding to the correct 
ype of 0.001 is only about one-tenth of Mr. Barnett’s value, that is, about — 
6% of the length of the vertical bar instead of the 52% determined by Barnett. , 
It should be noted that this is the deflection at incipient failure rather than at 7 
‘design load. ‘Correspondingly, Barnett’s “dramatic illustration” of the writer’ Ss 
_ ‘presumed oversimplification appears to be based on an incorrect calculation 
applied to an unrealistic model. In this connection it may be of some interest — 
to note that Norris and Wilbur, in the second edition of their textbook (pub- 
ished subsequent to the writer’ s paper) use the very same structure of 


«6, but with . reasonable p: proportions (Fig. 18), to ) demonstrate this same fact of 7 
_ plastic maximization of strength accompanied by negligible deformations (37) g 
- Quite apart fr from these discrepancies, Barnett’s conclusion that “the plastic © 
method once again furnished too little information on structural behavior” 
_ seems to rest on the misconception that plastic design specifically excludes 
any analysis of deformations. The writer, his discussion of a 


‘paper in this field 68), stated that 


“Any design theory that does not provide the means for determining — 
_ deformations corresponding to any | given load i up to ultimate is incom- 


| 
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In t that same contrit same contribution — writer er then proceeded to nie ‘a method od of 
deformation analysis for plastic bending. Because that time simple and prac- 
a methods have been established for such analysis, and any experienced 
designer will _ recognize situations in which oe 


plastic and states, with regard to Fig. 6, that 3 
the design of a prestressed, elastic truss the designer may may, as 


‘aan in each of the bars 2 be some fraction of that in bar — bil ee 
To be sure, this can be achieved by prestressing, but then | the additional cost — 
-prestressing merely ‘results in the same condition that plastic. action 
- brings about automatically and without such additional cost. Incidentally, the 
optimizing condition of this and similar situations is not that of achieving 
7 certain ratios between bar forces, as implied by Barnett, but of — 
a structure in which all members reach their capacity simultaneously, that _ 
is not necessarily the same thing. For the rest, the concepts: of prestressing 
are clearly outside the scope of the paper. 
On the other hand, the writer stands ‘corrected by both Zaslavsky and 
Barnett: Contrary to his statement, it is indeed possible to compute for a 
fixed- ended beam an optimum onpe in which the elastic extreme fiber stress" 
“ordinary structural practice such an artificial shape is not exactly an eco- 
- nomical solution. For minimum- weight | structures rather than minimum- “cost 
- structures, however, members so shaped may indeed be practical. | 
Structural Safety.—Structural safety and the proper ways of sien it 
is a matter of broad implications and considerable complexity. The writer 
has only touched on it in order to indicate its interrelationship \ with questions 
of material properties. He agrees with Julian that safety provisions should 
* rationally be based on an acceptably low probability of structural failure. He 
also agrees with Gabriel that such a procedure is preferable to that of — 


making the “safety factor” in plastic design equal to that theretofore prevail- 
ing for simple beams elastically designed. The writer is not quite as optimistic © 
as Julian in his expectation that such a purely probabilistic approach is ca- 
pable of actual achievement. For one thing, for many y relevant factors, —_ : 
though they are basically of a probabilistic nature, adequate statistical data 
_are lacking and will be lacking for some time to come. The “factor of ignor- 
ance” of 3 that Julian proposes to apply to such an extensively explored area - 
» shear strength of beams without web reinforcement is an example in _ 
For another, the writer believes that a number of important factors, such as 7 
social consequences of failures, are” basically of a non-probabilistic na- 
_ This is the reason why he stated his expectation that “it is unlikely that it 7 
will ever be possible to d deal with safety entirely on a statistical- probabilistic 
basis. ‘ie Needless to Say, he agrees with Julian that the farther one can go in a 
that direction, the better. In this connection it may be of interest to state that 
the safety provisions in the next edition (probably i in 1962) of the ACI | Building — 
Code probably will be based on the concept of an 1 acceptably low probability i” 


; o failure, achieved by taking account as rationally as possible of sources of 
_ understrength and of ¢ overload. The very effc efforts that are and have some n going 
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DISCUSSION 


i the development ‘of t these | provisions have confirmed the writer’ 's belief 


“neering "judgment continues to prevail can and should be reduced by more 
“rational methods, but one should even pretend or expect tob be a able 
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Closure by Guido Oberti 


GUIDO OBERTI, 9 F, ASCE.— The care with which the discussers have ex-_ 
& amined this pz paper is highly appreciated. It should be noted that the paper — 
under discussion was not intended as a treatise on arch dam design, but 
a rather as a | brief account on the main questions regarding the nature of the 
problem particularly, on Italian trends supported by model analysis. = 
ea _ The writer is in agreement with some statements made by Mr. Copen; for 
instance that “rational” designs indicate either radical or moderate double ~ 
curvature, depending on the site | conditions. And also that the modern appli- ® 
of electronic computers to assist in the computations of the stresses 
in arch dams has improved analytical means. But the writer does not agree 
the opinion that the assumptions for analytical solutions 


_ Theoretical computations are always based on: 
1. Linearity between stresses and strains (Hookes’ law); 
Structural continuity (absence of radial and perimetral joints); 
3. Symmetry of the dam and mountain aessaneees in er to a main 
aw Settlements of the foundation obtained by extending the (Vogt. Boussinesq) : 
theory on the deflections of asemi-space due | to a a uniform 


Law of conservation of the linear diagram in the stress 


h the thickness (both for arches and cantilevers). 
These assumptions are not required in model nennet carried out following © 


_ the ISMES methods, 
_ Moreover the ultimate-load tests on models give results that are not ob- 
The writer appreciates the opinions expressed by Harding and Trahar 


“the: method of analysis by model studies is extremely versatile and 
makes it possible to account for a large number of varying, conditions © 
_ which are difficult to include in analytical design methods.” is.” =) aga) 


particularly agrees with the statement that 


It is the “writer's 8 opinion that both the analytical studies aeons the model 
——- researches are necessary fora modern arch- dam design; the ae 
March 1960, by Guido Oberti (Proc. Paper 2410). 
9 Prof. of Engrg. School of Milano, Maly. 
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THE IMPACT COMPUTERS ENGINEERING 


Closure losure by Gordon Fisher 
GORDON FE P. FISHER, 10 F, ASCE. —As the views of persons not directiy 
a associated with academic matters, the contributions of the discussers are 
"especially ‘welcomed in n providing a broader base for considering the role of _ 
: - digital computers in engineering education. It is, of course, satisfying to the 
writer | that no essential conflict of f opinion k has been voiced. In fact, a remark- 
>< response to the paper has been the scores of letters, uniformly endorsing ~ 
= writer’s views, from persons without time to prepare formal discussion 
at yet interested enough to write from various parts « of the United States, 
‘Latin America, and Western Europe. On the other hand, a trace | of disappoint- 


4 


; 7 ment must be expressed over the lack of some opposing views with which to 


+ Opinions change with the passage of time and the accumulation of experi- , 
3 | yet in the time since the inception of the paper the writer finds himself 
still substantially in accord with his original notions. The only real change of 
attitude that has occurred is that the writer has overcome, to a large extent, 
his reluctance to. permit ‘computer programming, per s¢ se, as part of regular 
4 engineering instruction. He believes that it is desirable and efficient to give a 
a formal connected treatment of digital computing and computer programming ~ oo 


in order to have students | gain as quickly as possible some computing facility, 
and to transmit in a deliberate way some of the philosophy of the use and | 


that some exposure to the methods and discipline of digital computing as an 


engineering tool should - be given, and indeed required, in much the same 
Manner as elementary instruction in drawing, engineering 


' capabilities of digital computers. It seems reasonable at this point of time 


neering. instruction for all engineers should be 
limited, insofar as possible, , and need not consume more than about one-third 
of a regular semester course. It has been found that a substantial start in 
preparing students to use digital computers may be made with about 20 hr of 
formal instruction in ALGOL language, and that this may be done as early as 
wf one likes in the curriculum, even in the freshman year. Within so short a 
- ‘ time, the student t can t be given very little in in the way 0} of console experience, “7 
z this is no longer either desirable or necessary for ALGOL and similar lan-— 
guages which do not have . one- for-one command relationship to the basic cS 
: machine language, making it impossible, practically speaking, for a — 
to | sit at the console of the machine and to half- step his way through his pro- 
gram while de-bugging. Swain rightly points out that merely pressing a 
board buttons and reading registers does not constitute te professional engineer- — 


April 1960, by Gordon P. Fisher (Proc. Paper 


«10 i of Civ. Engrg., School of Civ. Engrg., Cornell Univ., Ithaca, 
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ing. It is true that endian to the console provides some incentive for a student 
_ to do digital computing, perhaps because engineers just enjoy playing with 
7 gadgets as a form of recreation, and some self-satisfaction in having a com-— 
plex machine under his control. However, it has been the writer’s experience — 
that students can learn to program quite intelligently in a language such as 
_ ALGOL and understand both the machine capabilities and the logical structure 
of computation without — ever having had console experience. Instruction with 
-ALGOL and ‘similar languages which are problem- oriented, rather than 
machine-oriented, allows the instructor to put emphasis where it belongs: on 
the problem, on mathematical techniques for i its solution, and on the logical 
_ structuring of _ the ‘solution. Beyond this, it is | necessary to point out to the 
student that digital computation, even in a very refined and sophisticated 
analysis, is not an end in itself but merely a very powerful and important aid 
to engineering judgment and intuition. Boe has pointed out that much engineer- 
- ing is necessary beyond analyais and computation t before a structure can be © 
‘The writer concurs in Boe’s } Opinion | that use of ta digital computer is not — 
: a appropriate and that the efficacies of the sliderule and desk computer | 
should not be overlooked. It is the duty of the instructor to point out to students 
those situations in which digital computation by high- -speed machine is inap- 
propriate in relation not only the size and character of the computation, 
a but also to the refinement of the analysis. There is still an unfortunate predi- 
lection on the part of many engineers to use computers for outmoded 
analyses, thereby gaining only speed and automation without 
increased understanding, saving money but hardly improving the structure. — 
The new generation of engineers should know better. 
3 Lansing has questioned the writer’ s opinion on the relative merits of the 
displacement method and the force method in handling large-scale redundant 
"structural analyses: any bias expressed in the paper was unintentional. 
_ method to be used depends largely on whether the displacements or the forces” 7 


are most definitely known, and how the problem can be most easily formu- i. 4 


lated. And Lansing is quite correct in his opinion that there doesn’t seem to 
be any clear- cut advantage | of the force methodover the deflection method, or 
_ vice versa. On the other hand, this argument has become somewhat academic 
‘due to the work of S. O. Asplund, F. ASCE on the identical formulation of the 
“force and deflection equations, a single set of equations and associated matrix 


that will handle either or with the dividend 


‘(commonly me but other d deformations are | not. eae 

‘The writer further ag: agrees with Lansing’s opinion that iteration alia 
should not be overemphasized for obtaining solutions to simultaneous linear © 
algebraic equations eigenvalue problems. On the other hand, iteration 


_ techniques are mandatory for non-linear problems, such as analysis of struc- 


_ tures in the plastic domain. 


There are still many ¢ difficulties i in apes or computer instruction into t 


« computers or the wisdom of teaching their use. This is a the 
impact that that computers have had on engineering education. a. 
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some of the loads are known in advance. This is especially useful for statically 
indeterminate structures in which external loads are known but redundant 
_br 


DYNAMIC EFFECTS OF EARTHQUAKES*4 


by Ray’ w. Clough 

W. CLOUGH,33 F, ASCE.—Most of the discussion of this paper was 
‘concerned with the comparison made by the writer relating the proposed — 
SEAOC Code provisions with respect to lateral forces to the principles of 
‘dynamic theory. This is not surprising in view of the fact that the theory is 


long established and well accepted, 


_ Housner’s comments demonstrating the relationship between the proposed 7 
/SEAOC Code and the Los Angeles code of 1940 are very illuminating, in that 
they demonstrate the fact that the men responsible for framing that earlier i 
code also were cognizant of the basic requirements of dynamic theory, whether 

_ consciously or by intuition. | | The present proposal clearly is a product of a — 
long process of evolution, . and its creators are happy to acknowledge their © 
debt to previous codes.34° 
_ The summary of the development of the response spectrum technique as 
applied to earthquake "engineering is a valuable addition by Housner. He has, 7 
however, deemphasized his own part in this development. There is no doubt 
in the mind of the writer that the computation of the spectral response curves ; 
for all available _strong-motion earthquake records by Housner and his col- 
leagues!9,2 20 0 and “his subsequent work in ‘evaluating them an and establishing 
average  spectra3 constitute one of the great steps forward in earthquake ng 
gineering, and the profession is greatly indebted to him for this fine work. - 

Eremin pointed out that the spectral velocity graphs can be modified 

; by multiplying by 2 7/T to make them more directly representative of the | 
seismic force developed ina structure. This is quite true; the resulting graph ; 
is called the acceleration spectrum, andis essentially a plot of the base shear 
coefficient asa function of period. However, the velocity spectrum, though 4 
less closely related to the seismic forces, seems to be a more fundamental 
property of the earthquake, both it tends to b be: somewhat 


‘Blume has “made “many valuable comments regarding the be- 
teen dynamic theory and the proposed SEAOC code. As a member of the 
Committee ‘that developed this proposal as well as of the Joint Committee _ 
that framed one of its most ‘significant26 predecessors, he is well ‘qualified 
to make this contribution. His caution that the code, although based oa 
structural- -dynamics considerations, is ne not “intended as ‘Substitute for r 


4 a April 1960, Ray W. Clough (Proc. Paper 2437). a 
33 Prof. of Civ. Engrg., Univ. of California, Berkeley, Calif. 2" 
34 “Building Code Provisions for Aseismic Design,” by R . a and W, T. 


World Conf. on Engrg. Tokyo, Japan, July, 1960. 
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‘namic analysis (at least of and structures) should be empha- 
: _ sized again. Also, the five points listed inthe final paragraph of his discussion © 


In reply to Blume’s question with regard to the vibration properties of the — 
7 Alexander Building that were used in the example ; analysis presented in me 
paper, these data were originally evaluated by E. C. Robison and J. E. on, 
ASCE, in an unpublished study on the Alexander Building. 
while Robison 1 was working with the _ writer, the same data were used as the ? 
basis for an investigation on the effects of higher modes of vibration on i ’ 
response of tall buildings. 8 Although they differ slightly from the data pre- - 
sented by Blume, due to slight differences in the assumed elastic seupertion 
of te building, and although Blume’s data (that were published at a later 7 
‘data? 8) are undoubtedly more exact, the Robison data seemed adequate to 
serve as the basis for an example inthe present paper. In effect , the example — 


concerns a a building slightly different from the Alexander 


| 


4 - the paper, that was limited toa comparisonof the basic provisions of the code - 
= the requirements of dynamic theory. Blume’s comments, referred to 


previously, serve to answer many of Derrick’s complaints in general terms. 7 
One specific point raised by Derrick that seems to justify further discussion | : 
= is his contention that the effects of inelastic action can be predicted by an " 
, elastic analysis and a suitable viscous damping coefficient. As Derrick him- 
4 self points out later in his discussion, such analyses would require damping ie 
; values approaching the “overdamped” condition to obtain agreement preyed 
theory and observation. Furthermore, it clearly is incorrect to say that the - 
effect of inelastic action has not been explored in view of the many recent - 
fe .. papers on the subject. 30,31, 32, 35 It would be foolish to assume that the prob- - 
lem is completely solved, but sufficient evidence is available now to convince 
the writer that inelastic action is an extremely important aspect of the earth- é 
quake response problem, and one that cannot be treated by assump- 
of any viscous damping coefficient. 7 
Anot 
as to the validity of the formula for computing the } period of vibration of the. . 
7 structure. The writer certainly does not wish to claim that this formula can 
be expected to give accurate predictions of the period for all possible — - 
tural configurations, and he doubts that the members of the Committee that — 
proposed the code would make excessive claims for it. ‘However, it does — 


less" “of how difficult it is to express the period in a form suitable sel 

purposes, rather than merely to list a ‘number of empirical base shear coef- — 

ficients for different forms of structures . As was stated by R. W. Binder, 
« “ASCE, and W. T. Wheeler,34 ASCE, “it was felt that if the Code were 
7 - based on a period concept, new and better methods of determining periods of 

a structure could and would be developed.” Obviously, no seismic code can . 

take account completely of all the requirements of dynamic theory, but the | 

writer believes that the Seismology Committee of the Structural Engineers a 


Association done an admirable job of relating theories to practice. 


_ 35 “Elasto-Plastic Response of Idealized Multi-story Structures Subjected to a 
Earthquake,” by J. Pensien, 2nd World Cong. on 
Engrg., Tokyo, Japan, 1960. “il 
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DISCONTINUITY STRESSES IN BEAMS ON ELASTIC FOUNDATIONS? 


JOSEPH PENZIEN, M. ASCE.—The Laplace transform method of solving 
- differential equations is, of course, well known and has many advantages in 
_ solving certain types of initial-value problems. However if all initial \ values 2 
are not known, this method can become rather cumbersome. 
* gal The great advantage derived from using the unit step function, the impulse 
function, and the unit doublet when dealing with discontinuous functions is also 
a well known and is discussed in many of our modern day textbooks. token. 9 
<< ye As pointed out by Alwar, these techniques canbe used to solve the ie a 
oe of a beam on an elastic foundation having a discontinuous loading. The ad- a 
vantages and disadvantages of this method over that suggested by the author 
are Subject to one’s own personal preference that is influenced a great deal — 
7 by one’ s background. No doubt, a person having a great deal of experience 
a using Laplace transforms would prefer the Laplace transform approach to | 
rd this problem. However, a person unfamiliar with Laplace transform methods 7 


_ but experienced with moment- distribution techniques would prefer the writer’ 
Ms It might be well to point out that for many beams on elastic foundations, 
the interaction from one discontinuity point to. adjacent discontinuity points 
is negligible. Thus, the problem can be reduced to one having a single dis- | 


The ‘basic data presented in curve form in the paper have 
mat ahiervenedl in tabular form, These data are tabulated for values of BL 


eatly aiding in accurate solutions. tables ca can be obtained 
from the author, _ 


April 1960, by Joseph Penzien (Proc. Paper 2441), 
lenis Prof. of Civ. Engrg., Univ. of ee Berkeley, C Calif. is 
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JOSEPH J J. BONASIA,? A.M. ASCE.—The ACI-ASCE “Tentative Recom- 
3 mendations for Prestressed Concrete” states that “shear failure should aed 
occur before ultimate flexural strength is developed.” The program so pro- — 
3 vides by adequately reinforcing the web in accordance with said specifications. — 


The program ‘oe utilized to check the shear flow between the slab bell 


q. 
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_ DESIGN OF PRESTRESSED CONCRETE BEAMS BY COMPUTER? — 
The writer expresses his gratitude to Newson for correcting E@™26 that 
= 7 
@ April 1960, by Joseph J. Bonasia (Proc. Paper 2446). 
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is, at eet, an “empirical ¢ science . and the more information that can be cone 
the better will be the understanding of it. 


occasional annual growth rings of that species has been ‘observed in both large 
and small specimens to affect adversely the static and fatigue shear strength. — 
It may be that some downward adjustment of working stress will be required 
to provide a margin of safety for both static and repeated stresses. Ee Se 
_ Such a reduction in working stress may welleliminate the danger of fatigue © 
- failure for there have been service failures in shear similar to those men- 
_ tioned by Schneider, in which the repetitions could not have been contributory. a 
_ The weak bond was indicated from both the character of the failure and the 


Unfortunately, because of the variability a natural material like wood, 
it is difficult to predict strength properties of a single specimen nly, 
and in a fatigue test, unless a control static test specimen is available as a 
; means of estimating | the strength of the fatigue specimen, it is not possible to 
_ determine whether an abnormally few or many cyclesof stress before failure 
- was due to fatigue resistance or alowor high static strength. Because in tests 
of large _ specimens it is difficult or not impossible to have an a 


‘matched control specimen, tests” of both kinds (large and small) are neces- 


one type corollary to the — 


The Forest Products Laboratory is (1961) evaluating the static c strength - 5 
of glued-laminated Douglas fir (with the rings oriented parallel to ) planes . 


- ‘shear after as many as 9 x 106 cycles of 45% of the static strength. Applied 


- stresses have ranged from 380 psi to 420 psi in shear and, to date, — 
7 a been no failures’ during the repetitions of load. These specimens [> 
13 in. by 32 in. by 43 in. and are loaded at third points of a 39-in. span. This _ 
7 B Bot is® air dry. Future work in the same study will evaluate other ma- 
terial at other moisture contents and after other exposures, 
_ The paper summarizing the fatigue tests of bolted joints10 is a welcome 
addition to the information on strength of timber assemblies. It was published — 


1960, by Wayne C. Lewis (Proc. Paper 2470), 


Engr., Forest Service, Forest Products Lab., 
Area Bulletin SS1, June, July, 1959. 


DESIGN CONSIDERATIONS FATIGUE IN TIMBER STRUCTURES 
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Theodore V. Galambos 


aed . GALAMBOS, 25 a M. ASCE.—Mr. Pn is correct in 
stating that in the presence of primary bending moments the critical load will 
be smaller than the eritical load obtained for the same frame if the forces © 
are all assumed to be concentrated on the column tops. The computations of of 
the buckling load for frames in which the columns are subjected to axial force | 


as well as bending moment is quite -2 however, and therefore, 


perform a stability check for this ‘simplified loading. ‘The question here 


whether this simplification can lead to dangerous situations, or whether the 7 
‘difference between the two buckling lo. loads is small enough to justify the simpler 


 £E . Chwalla26 has shown that for one particular frame and loading the re- — 


duction | in buckling load is very small. More recently E. F. Masur, -F. ASCE, 
; H. Donnell, anc and I. C. Chang, M. ASCE, 27 and L. W. Lu, A.M. _ ASCE, 28 have 
presented systematic methods for the solution of the problem of elastic buck- : 
ling of frames subjected to primary bending © moments; it is hoped that with _ 
the now available improved techniques it will be possible in the near future 
to single out those cases of frame geometry and loading for which the simpli- 
fied solution i is not Lu28 has computed the critical buckling loads 

: concentrated load at the center of a 
single-story, single bay frame (Case I in Table 2), concentrated loads at a» 7 
third points (Case I), uniformly distributed load (Case III), and uniformly _ ; 
distributed plus" concentrated loads at the column tops (Case IV). 
computations were performed for -pinned- base frames (Is = 0), and the re- 
sults are shown in pial 2 under I,/I = 0. Two column heights (Le = and — 
Lo = 1/8) were used, and the beam and column sizes were assumed equal 
(Ic = = = 1). In Table 2, Boe refers to the frame s subjected to primary bend-_ 
ing fete Se (case a in the sketches in Table 2) and P,, is the buckling load of 
the frame for which all loads are concentrated at the column tops (case b). | 
The largest difference between the critical loads obtained by the two methods ~ 


/ May 1960, by Theodore V. Galambos (Proc. Paper 2480). 

2 25 Research Asst. Prof., Fritz Engrg. Lab., Lehigh Univ., Bethichem, Pa. 

oer 26 “Die Stabilitat Lotrecht Belasteter Rechteckrahmen,” by E. Chwalla, Der Bau- 
in enicur, Vol. 19, 1986,p.608. 
~~ 27 "Stability of Frames in the ‘Bending ” by F 
‘Masur, L. H. Donnell, and I. C. Chang. Presented at the May, 1960 meeting of the - 
Engrg. Mech. Div. of the ASCE at Purdue Univ. 

_ 28 “The Stability of Elastic and Partially Plastic Frames,” by L. W. Lu. Thesis 
presented to Lehigh Univ. at Bethlehem, Pa. in partial fulfillment of the a : 
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(Ig/T= = 0. 5, 1.0 oy 1. 5 in Table 2 were made by a canine suggested by 
-M. G. Puwein29 and Lu,28 in which the frame with base restraint (Fig. 17(a)) 
is separated into two pinned base frames (Figs. 17(c) and 17(d)) failing under = 
the same critical load. The fictitious pin is located at the point at which the | _ 
moment in the column is zero, This is indicated in the moment diagram of | 


Fig. 17(b). ‘The ‘results of the c computations show (Table 2) that for the same : 
7 -_ critical load the column | lengths are increased due to the presence of the | re -— 


straining beam, 1. The approximate solutions (sketches b in Table 2) were Ob- 
tained with the aid of the curves in Fig. 5 for the indicated increased column ; 


a 
29 “Die Knickfestigkeit des Rechteckrahmens, by M. G. Puwein, Die Bautechnik, 


is 12% (Case I). It can also — 
be observed that the simplified method seem 
ice 


_ DISCUSSION 


elas. Comparison between the two methods of computation anita to the 


ean The trend indicated in Fig. - 18, in which critical length is plotted 
ae the ratio Ig/I for the frame and loading of Case I in Table 2, proves 
_ that for the exact solution, as was shown previously for the approximate oot 


a * _ The increase in the stiffness of the base- -beam reduces the difference 


; * No great error (at most 8%) results from using the simpler oe 


4 The approximate method is less accurate for flatframes, 
hereas these e conclusions — in the strictest sense only | to the frames: 


also generally ‘valid. For more ‘multi- story frames the ratio 


axial load to bending moment in the column becomes larger ¢ and thus, the 
discrepancies between the two solutions. will become smaller. Even though 
the solutions of this report are upper bounds to the true critical load of the 
frame, these approximate solutions can be applied with confidence. 

‘The foregoing discussion has been limited to frame instability in the 

elastic range. —Lu28 has succeeded in solving the inelastic buckling problem — 
for simple rectangular frames subjected to primary bending moments, An © 
_ experimental program is now underway at Lehigh University to verify the 


‘theoretical work. A. complete report on the results of the is not 


— 
4 

— 
— 
| 


yet euailable (as of 1961); however preliminary test results have been reported | 
by Lu28 and L. S. Beedle, F. ASCE.30 Fig. 23 in Ref. 30 gives test data for _ 

seven model test frames. Five of these frames were pinne” at their bases, 
oss two provided with elastic restraints at the bottom of tiie columns. The © 

restrained frames showed a remarkable increase of carrying capacity, again 7 
proving: of partial “base-fixity on the buckling strength. 

‘The questions posed by Guillard concerning the section “Application of the 7 

Theory” and the illustrative example are justified, because no conclusive 


answer has been given as to how the restraint offered by usual “pinned” cole ic = 


umn bases can be evaluated. In the writer’s opinion these questions cannot be 


"permitting an increase in the critical load for frames buckling in the — 
range, and permitting the extension of plastic design methods to frames = . 
‘would fail by frame ee for really pinned column bases, but that might 


g oid The writer wishes to express his thanks to Appeltauer and Barta for their on 

detailed discussion. Of special value are the additional references in the 
German, Russian, and Romanian language, the more improved method of 
plotting the results of the computations, and the numerous additional equations 
for multi- story frames. The writer agrees with Appeltauer and Barta that 
the rotation of the anchor bolts and the concrete should be added to the rotation | 
of the foundation in arriving at the stiffness of the column base. - this | case 


_ For the example in Appendix II the new , stiffness values are Ig/L B 
and (A= = 1. 50. The resulting value of k is then 1.27 instead 1.22, ‘causi 


revised formula for the stiffness is equal to a 


_ 30 “On the Application of Plastic Design,” by L.S. Beedle, Proceedings, Second Sym- 


posium of Naval Structural Mechanics, Brown Univ. , Providence, a April, 1960. | 
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REVIEW OF RESEARCH ON COMPOSITE STEEL- CONCRETE BEAMS 


progress at t the California Rivtaten of Highways and at Imperial College, 
_ 4 — to the discussers. It is hoped that the results, , particularly from the 3 


4 


posite design are being conducted at ‘several other The use of 

epoxy resins, discussed by Jurkovich, is also being investigated through beam | 
tests at the University of Arizona. The relationship between the fully plastic - 
Se “strength of the shear connection and the ultimate strength of a composite | 
7 beam is being studied at Lehigh University. The effect of stud shear connectors © 
7 on the fatigue strength of a steel beam in the region of negative moment is 

a being investigated at the University of Illinois, andthe effectiveness of various 

: types: of connectors on the magnitude of slip is the subject of an intermittent 

: series of studies in progress at the State University of Iowa. tL ee 

_ The results of the investigations completed thus far at the State University 

a. of Iowa have been re reported. 6,7,8 No data have been published, as yet, from the 

other s studies; however, the wide range e of investigated subjects suggests that 

important design of composite t beams will soon be 


forthcoming. 


a June 1960, by Ivan M. Viest (Proc. Paper 2496). 
Bridge Research Engr., Assho Rd. Test, Ottawa, 
4 6 “AComparative Study of Composite Action in Structural Steel and Concrete Beams,” 
by V. Lapsins, 1953. 
*Tests of Shear Connectors in Composite Steel and Concrete Beams, ” by 
“Comparative Tests of Shear Connectors with _ Epoxy Resin,” R. K. Desai and 
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LONG, SPAN PRESTRESSED CONCRETE FOLDED PLATE ROOFS@ = ad 

Closure John Cc. Brough, Jr. r. and B. H. Stephens, Jr 


aw 


JOHN” BROUGH, ASCE, and B. H. ‘STEPHENS, JR., 8 A.M. 
ASCE.—It is quite true, as ‘stated by Eremin, that if it is necessary to pro-— 
vide additional area in the concrete compressive zone (especially as would 
probably | be required in conventionally — reinforced sections), the tapered 
of the” plate’ leaf is an excellent method of the 


* placing: “Sequences of concrete on a the four projects were as follows: 


crete time requirzd approximately 5 hr for the 90 cu yd in the plate leaves” 7 
and gable end wajis. Runways were located along ridges and placing operation © 
proceeded acro#/s the 63.6-ft span, achieving a a monolithic structure. ey 
_ Richland Junior High School.—Concrete was placed in two operations with 
4 days intervening between the two operations. A construction joint was lo- 
cated on the ridge intersection half way along the 175- ft dimension. Each 
placing required approximately 8 hr to 9 hr. Runways were located on the 
ridges and concrete placed, in the span Girection. . Two monolithic 


would have been advantageous on this” ‘building especially due to ‘the high 
ambient temperatures occurring at the time of placing concrete (August). 
Considerable crazing occurred on the first pour and a lesser amount on the 
_ second due to remedial procedures instituted. It is interesting to note the | 
7 _prestress force closed the majority of the crazing cracks. 
Memphis Art Center and Holiday Inn.—The buildings were monolithic 
operations without construction joints. Concrete placement was accomplished — 
two leaves at a time on the Art Center and some difficulty was encountered 
to peamree fresh edge ned due 1 to to equipment t breakdown mid- d-way i in in the 


as: October 1960, by John C. Brough, Jr. and B. H. Stephens, dr. » (Pres. — s50ey.. 
7 Cons. Engr., Harry B. Hunter and Assoc. —— Tenn. — : 
8 Harry B. Hunter and Assoc., Memphis, Tenn. : 
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‘Satisfying asethetic desires other solutions were utilized. = 
ee The cost of construction of the four projects listed in the paper include the a 
| 
| 
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RESEARCH ON FIRE RESISTANCE OF PRESTRESSED CONCRETE@ 


y: HUBERT ‘woOODs. —The necessarily brief statement by the writer re- 

-_ garding the possible use of small-scale models and of computers in fire - 
research has been usefully augmented by Paschkis. He has specified some of - 
the basic difficulties encountered with models. Principally because of such * 
difficulties, the writer’ Ss use of models has been confined to studies in which , 


complete similitude with the full-scale case is not necessary. These small- 
7 scale studies continue tobe very useful.” 
st For ' the more complex problem of an analytical approach to the full- scale 
case, analog computers or digital computers or both may prove extremely 
valuable. To use either kind of computer requires that the problem be reduced - 


gy mathematical statements a of solution. . This is not easy, but : several 


4 November 1960, by Hubert Woods (Proc. Paper 2640), 
_ 8 Dir. of Research, Portland Cement Assoc., ‘themeck and Development Labs., 
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GIULIANO AUGUSTI. 25_ — This very interesting paper contains the first 
- derivation—to the writer’ s knowledge—of the principle of virtual work from 
the equilibrium equation, as far as beams systems are concerned. Such = 
derivation proves that the > virtual» work equation (Eq. 8) is a “necessary” P 
condition for the equilibrium. Conversely, one can start from Eq. 8 and arrive 
easily to Eq. 2; then, because 7 (x) is arbitrary, Eq. 2 can hold only if Eq. 1 
holds. This demonstrates that Eq. 8 is also a “sufficient” condition of equi- 
librium, that is, that the principle of virtual work is perfectly equivalent to 
the equilibrium equations of adeformable beam system. 
_ The derivation and its implications can be generalized for the case of a 
tridimensional continuum, by means of the following procedure, , the mathe- 
_ matical treatment of which is very similar to that used by another author. 26 
Let V be the volume occupied by | the continuum and S its s surface. The 
‘equilibrium equations V and on S are, 27 


in which oj are normal stresses, Tj ij ; denotes Antena stresses, X Y Z are 


- components of body forces, pj represents components of surface forces, and 
ay are the direction cosines of the normal to the surface, ears 7 
a, Let u =u(xyz), v = v(xyz), and w= w(xyz) be three arbitrary ‘functions 
- Multiply the first, second, and third of Eqs. 85 by u, V, and w, respectively; 


Dir., Civ. Engr., Asst. of Bride Constr., “Univ. of Naples, Nagien, Italy; on on leave. 
for 1960- 61 at the Engrg. Dept., Cambridge Univ., Cambridge, England. 
= _ 26 “Energy Theorems and Structural Analysis, ” by J. H. Argyris: and S 
Butterworths, London, England, 1960, 
~~ “Scienza delle Construzioni,” by Franciosi, and 2, 2, Pellerano-del Gaudio, 
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PRINCIPLE OF VIRTUAL WORK IN STRUCTURAL ANALYSIS* 
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are 


_ aides Eqs. 86 by u, v, w respec respectively a and integrating in dS and add- 7 
ing, it is then ¢ evident that the first three rows « of Eq. 89° are — to 
was 


cit., ‘Vol. 2, p. 109. 
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DISCUSSION 
can —_ be written as 


vv 

Oy +o, €,+ dv . (91) 

_ If u, y, w are assumed to be a set of virtual displacements, then Eqs. 90 

give the components of deformation in the usual first- order theory (rigorously 


Valid, because w are ‘ “small”), and therefore, ®, Eq. 91 is the equation of 
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DIGEST OF THE GUIDE TO DESIGN CRITERIA 
FOR META METAL 


BRUCE G G. _ JOHNSTON, ASCE.- — The e discussion by Pian, in which 
refers: to his earlier paper, 6 is appreciated. Pian states that h his fc formulas. 


“The end restraint cannot be rationally” introduced into the 
secant formula analysis because the procedure is based on the analysis 


"Although Pian has prepared a an ingenious chart to solve Eqs. 35 and 36 (that 
are based on the amplification formulas that closely approximate the anruell 

solution) the writer does not believe that he the Objective 
rationally introducing end restraint. 
end restraint is to be introduced on a it should depend on 
m retative rotational stiffnesses, both as regards rotation and lateral dis- 

of the column itself and the adjacent framing members. ‘It is well 
~ known that as axial load is applied the rotational or lateral stiffness of a col- 
Van changes continuously until it reaches zero and then becomes negative. 
_ When the total rotational or translational stiffness of the complete assemblage 

_ becomes equal to zero the assemblage will buckle. It is on this basis that the 
- “writer does not believe that formulas of the type described by Pian can be 
"considered “rational,” although they may indeed serve a purpose and provide 
reasonable basis for the approximate design loaded stecl 


framed members. 
7 PRR 3 one turns to aluminum alloy structures with a continuously changing 


oo of a gong ‘steel structure above the p point: at which yielding is 
initiated, then | further objections can be raised with regard to the rationality _ 


of the equations under 


April 1960, by Bruce G. Johnston Paper 2450). 


5 Prof., Structural Engr., Univ. of Michigan, Ann Arbor, Mich. ' 
+ 6 “Column Design Simplified, ” by Richard H. J. Pian, Transactions, ASCE, Vol. 83, a | 


Guide to Design Criteria for Metal Compression Members, Column Research Coun- 
_ cil of Engrg. Foundation, Cushing-Malloy, Inc., Ann Arbor, Mich., 1960. 
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‘TADEUSZ JANISZEWSKI. “112_The statement: “The 
sented herein is appplicable to any loading pattern . needs 
namely, the method is limited to cases in which there are only vertical loads 
on the cable as, for example, during the erection of a suspension bridge, ( 
where independent truss sections are suspended at various wd 


t 


the length, as the name implies, is the length 

of the cable after removing the stretch produced by the initial loading). The © 

: ‘unstressed length, once determined, is constant at a given temperature and 
if can be used as the convenient datura for any other loading. In working with - 7 


problems of ‘the cable-polygon type, the writer has found it is convenient to | 


take _ advantage of the that such problems ca can be 
oan * if ‘One, independent of horizontal component of cable tension H, is a 
7 to ‘the computations of the moment diagram of the equivalent simple beam, — 
This produces a set of values that are proportional to the ordinates of oe 
polygon their absolute value to be determined by H. 
_ The other, depending on the value of H, determines tt the magnitude c of the 


a 


‘It seems that the method of the authors can be considerably simplified if, 
after determining the initial conditions of the cable, the cable be loaded with 


loads located at the initial abscissas. Then the H will 


4 as that determined by the initial conditions. As the authors properly ‘eeeve, : 
this part of the computation must be conducted by the trial and error method. 
Comparison of the particular ‘segments of the unstressed length with those _ 
initially given permits one to determine the differences. the | ‘second 
approximation, these differences in the unstressed length can be added alge- aH 
_braically to the corresponding — horizontal distances between panel points, 
without changing the overall span, because the sum of these differences is 
zero. With the spacing of loads thus corrected, the computation will determine pat 

s new corrections to the panel spacing. _ The process should be repeated until - 
not only the overall unstressed length—but also all particular segments of anil 


4 


_~& December 1960, by James Michalos and Charles Birnstiel (Proc. Paper 2674). cone 
12 Senior Design Engr., Dn. John 4 A. ‘Roobling Sons Div., Colo, Fuel and 


— | MOVEMENTS OF A CABLE DUE TO CHANGES IN LOADING? a 
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June, , 1961 
| equal the initial values. is extremely rapid. Gen- alll 


«ain ‘computations were performed for the additional concentrated load of 
7" kips located for the first try at the initial load spacing. The maximum error 
in stations determined from differences in sectional unstressed length ime 


exact H and cut ‘the error in individual panel point spacing to + 0. 003 mn. —_- 
error in vertical ordinates was maximum -0.037 ft at panel point 2. 2. The next 
try gave results correct to the third decimal point. 
_ These computations were done on an IBM 650 electronic computer with the 
polygon program . worked out in 1956 in connection with the change of cable > 
bands on the Manhattan Bridge in New York. The program recognizes three p 


cases of initial cable conditions that influence the polygon computation, — 


. The horizontal component of the H or, 
The sag of the cable f, or, 
of the first two cases is direct, The third case requires the trial 
and error method. The value of H assumed at the start of computation is 
- altered by the program 1 until the computed unstressed length is the same as a 
jen It seems that the problem stated by the authors can also be solved more _| 
quickly along the proposed lines even with a desk computer, 
The writer does not wish to close without stating that he is indebted to the © 
authors. for the opportunity to discover how rapidly the polygon solution con- 
: 
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‘PER PERIODS OF F OF FRAMED BUILDINGS FOR EARTHQUAKE ANALYSIS@ ara 


Discussion by A. A. Eremi 


in 


AL EREMIN, 19 M. ASCE, — Expressions have been developed f for evalu- 
ating the structure-vibration periods that may be used in seismic stresses | 
— . It is interesting to note that the authors have applied the method of 
7 analysis to a well-known building and found that the computed stresses varied : 
in the range of only 5% to 10% of the measured stresses. = = | 
In the conclusions it was suggested that the developed equation ton a 
structure’s period of vibration be taken as a basis for a period evaluation in 
codes concerned with earthquake stresses. 
The period of vibration developed | by Salvadori and Heer is based on the | 
‘method of superposition of the periods for various structural parts and modes 7 
of vibration, including the effect of elastic properties of foundation. It should - 
‘he that the effect" of elastic of the foundation 


the conclusive results of effect on seismic stresses, 
the effect of seismic-wave propagation in the foundation should be considered, 
- Furthermore, the damping effect of the neighboring buildings and boundary , 
ee of foundation may also be of prime importance. = ~~ 
4 ‘it is important that in the analysis of earthquake forces the forces dis- 
tributed below the ground surface be included. Therefore, the authors ‘deserve 


7 


— 


December 1960, by Mario G. and Ewald Heer (Proc. Paper 2680). 
Cons. Structural Engr., Berkeley, 
20 “Highway and — Sesdgen,° by A. A. Eremin. Published by . A. A. Eremin, _ 


— — 
ag 
_ vibration period by the method of superposition may decrease the importance 
the period values for other parts of the structure, 
In the analysis of seismic stresses in bridge structures located in Cali- 
fornia, the effect of foundation is expressed by the coefficients that vary 
the range of 300%20 The maximum seismic stresses in analvsis of bridze 
— 
ig 
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TENTATIVE RECOMMENDATIONS FOR THE DESIGN AND ) CONST I 


‘Discussion by Sven Wichmen 


incorporation | of the concept is particularly 
it will result in further structural efficiency of composite construction uti- 
lizing steel beams because the Committee has reached the conclusion that | 


shoring during construction does not increase the ultimate strength of ne 
A few minor comments are offered on the following three topics: | 
fi Continuity .— —A good exposed concrete floor should be completely fr free from 
: cracks, thus reinforcement in the negative moment range should be sufficient 
to eliminate all cracking, not only “excessive” cracking. In this connection — 


it should be possible to recommend a minimum amount of reinforcement and 
to indicate special arrangements for developing of bars to insure full at 
Stresses. —To reduce the possibility of unpredictable 


combined connectors and ties more confidently. 
As a proposal for future work, it is recommended that composite beams 


consisting of concrete slabs on prestressed steel beams be considered. Such ~ 
steel beams— would be prestressed in the shop by welded tensioned high 
strength low alloy bottom cover plates. ‘This combination would further in- 
crease the efficiency of construction. A of such 


beams is ava available. 


— 


& December 1960, by the Joint ASCE-ACI Committee on Composite Construction 

Structural Engr., Brookhaven Nat’l. Lab., Upton, L.I., N.Y. 
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WICHMAK 3 M. ASCE.—The Committee deserves a 
— 
| 
aggregates may be necessary. _ 
— 
oF 
“ tures,” by Rudolf SGallard, Proceedings, ASCE, Vel. 
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. dae STRUCTURAL MODEL ANALYSIS BY MEANS OF MOIRE FRINGES 
an 


by D. H. Pletta on J. 


H. PLETTA,7 F, ASCE, and J. H. SWORD. 8_it is gratifying to note the 
interest in | the application of mechanical interferometry to the analysis of 7 
structural ‘models as described in this paper. This technique has certain | ad- 
vantages over others that require point-by- point determination of deflections | 
using optical or mechanical means. The ability to determine simultaneous 
deflections of all points along the elastic axes of a model practically instan- 
taneously eliminates the troublesome effects of creep and temperature 
= sometimes arise when more prolonged tests are made using other meth- a 


as well. A ‘note of warning should be ‘sounded, however, , to those » desiring t to 
experiment with this method and that is to ensure the selection of a homo- 
‘geneous isotropic plastic. It is not uncommon to find moduli of elasticity 
_ differing by 15% in two orthogonal directions in rolled Lucite, = 
The writers would agree that the Moiré method offers certain advantages 7 
over experimental methods. However, many problems—even those for which 
“the: geometry of structure is “complicated” —yield readily to theoretical 
_ analyses and computer solutions. , The time saved is especially noticeable if 
all members are straight even though they may be haunched. For curved | . 
members preliminary computations may be required for the slope deflection — 


coefficients if no charts are available and then the experimental method out- 
lined herein might be more advantageous, 
as So far as the writers are aware the first suggestion that mechanical inter- 
ferometry might be used to measure ‘displacement, and the related strain, 
was made by -R. Weller and B. M. Shepard.9 Others have applied the method 
to plates10 and plane strain problems! to mention but two, 
The writers had some 1e experience with this: experimental technique in the 
1950’ s. The determination of plane stress and strain from displacement — 
"measurements left much to be desired because of the necessity of making a 
correction | for rotation of the grid in selected regions of a member and 
because it was definitely not as convenient as, say, photoelasticity. 12 But 
i... December 1960, by A. J. Durelli and J. M. Daniel (Proc. Paper 2693), ss 
_7 Prof. and Head, Engrg. Mechanics, Virginia Polytech. Inst., Blacksburg, Va. 7 
_ 8 Assoc. Prof., Engrg. Mechanics, Virginia Polytech. Inst., Blacksburg, = 2. 
“Displacement Measurement by Mechanical Interferometry,” by R. Weller and 
B. M. Shepard, , Proceedi s, SESA, Vol VI, No. 1948, p. 35, 
10 “The Motre Method A New Experimental Method for the Determination of Mo- 
meni in Small Slab Models,” by F. K. Ligtenberg, Proceedings, SESA, ‘Vol XII, No. 2, 
1 


_ ‘ls “The Measurement of Plane Str Strains by a Photo-screen Method,” by J.D. C. Crisp 


Provegsings. SESA, Vol XV, No. 1, 1957, p.65. 
as Determination of Stress by Mechanical Interferometry,” by W.R. Okie, Ill. The- 
sis ; presented to the Virginia Polytech. Inst. at Blacksburg, Va., in 1950, in — aa 1 
 fillment of Ge requirements for the degree of Master of Science. 
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their use of this | Moiré method to construct influence lines using the Maxwell- — 

‘Betti principle yielded results that were quite precise. 13 Tests ona fixed 

beam, a two-span continuous beam, and on a symmetrical haunched arch 
ons yielded influence lines that agreed almost ‘identically with theoretical analyses. 
Figs. 9,10,andilshowthese results, 
The authors ‘did not describe the technique they used to plot the influence 
lines. The writers placed a high contrast photographic copy paper, that could 

3 . be handled safely in subdued light and developed as ordinary enlarging paper, © 
- under the model, emulsion side up. The lined surface of the model and cover 


sheet were placed next to each other to avoid parallax and the model was dis- 


- torted ‘ted by typical deformaters (Fig. 12). Asingle flash of a Strobelume sufficed 


BEAM WITH FRINGES 


the resulting print provided apermanent record, Shrinkage 
of the paper was no problem because the entire picture was affected equally. ; & 
- It is nice to know that grids of 300 lines per in. are now readily available. a 
Ss Sheets prepared from commercial lithographer’s plates of 100 lines per 1 “a - 
were all that were available to the ‘some years ago. 


— 
134 “The Construction of Influence Lines With a Mcchanical Interferometer, ” by D.H. 
Pletta and J. H. Sword, |, Bulletin I, Engrg. Sta., Polytech. Inst., 


1958. 
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tic AND DYNAMIC ANALYSIS OF GUY CAB 

Discussion by A. G. Davenp 


well substantiates the author’ s statement that there is little justification for 
assuming that the cable geometry is parabolic whenthe solution assuming the - 
_catenary is no more ‘difficult. The general treatment given to the static be- 
havior would seem well deserving of ‘becoming the standard approach, 
me Regarding the dynamic behavior of guy cables, the writer has s found10 that a 
in tall masts subjected to high winds, large inertia loads initiated by gusts ¢ x 
can arise, that are of the same magnitude as the steady loading due to the 7 
mean wind. To determine these dynamic effects and the resulting mast be- 
‘havior, it is of course important to be able to predict the dynamic response 
In the general dynamic case the stiffness or flexibility of the guy ‘support 
; 7 (horizontal reaction per unit guy-top deflection) is composed of elastic effects 


: (due to changes in geometry during the deflection process), and lastly inertia 
effects due to the moving mass of the cable. ‘It is a criticism of Dean’s dy- 


; namic analysis that the elastic terms have been omitted without explanation 


although they have been included in the static analysis. 
a ae shorter guys, that can safely be tautened to higher initial tensions, 
elastic “effects predominate over effects due to changes in geometry. In the 
= of longer guys—such as that considered in the example—that are usually : 
slacker, it may well be that elastic effects are less important, but surely not _ 
> “negligible. ‘It is to b be expected that inertia effects will be important whenever - 
excitation “frequency is close some natural frequency. of the guy. 
In an earlier paper by the writer, 11 that included a discussion of the dy- 4 
Ee behavior of the guys, these elastic effects were allowed for. The analy-_ 
4 


a 

ni 


sis was, _ however, based on the ‘parabolic guy and not on the catenary, In | 


“othe “ripping ee ; change in _tension of the guy, the change in chord length due 


January 1961, by Donald L, Dean (Proc. Paper 2703), 
9 Asst. Prof. , Faculty of Engrg. Science, Univ. of Western Ontario, Ontario, Canada. 
og 10 “A statistical approach to the treatment of wind loading on tall masts and sus- 
pension bridges,” Ph. D, Thesis, University of Bristol, ,England,1961, 
oR! 11 “The Wind Induced Venation of Guyed and Self Supporting Cylindrical Columns,” 
oy A. G. ren Transactions, , Engrg. Inst. of Canada, Vol. 3, 1959, p. 1 ~ 
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denotes the initial cable strain sanancegat 


is the of the total dead weit of to bet intial tens tension, 


represents the of the to the trans- 


For ‘medium- length guys examined (up to about 500 ft that is, 1/3 

_ ‘the length | of that considered by Dean in his example) the properties of | aad 


ssion can be. summarized as follows: 


1 less than the the ‘fundamental 1 (that is is, 
n ne n be Bs guy’s stiffness is quasi-static, that is, dynamic effects are small. 
“Vor excitation frequencies greater ‘the fundamental (n > no) the 
sti stiffness is almost equal to the taut-wire stiffness, _ 
si 3.1 In the vicinity of the odd modes of the guy cable, that is, - ng” =1, 3,5, 


and 80 . forth, the stiffness becomes ‘infinite due to inertia a effects and the ab- 
"sence. of damping (none having b been assumed in the derivation). 


not ‘seem to be why these general properties will not 


_ also be true of the more strictly accurate catenary except that in item 3 weak 
inertia will be the modes as well, that is, =2, 


and so. forth. The” latter ¢ effect, that is due to the slight asymmetry of the 


-eatenary arc as opposed to the symmetrical parabolic arc), is in fact evident 

‘in Dean’s determination. Here, the expression for the guy stiffness includes © 
a cotangent term that becomes infinite whenever the argument (a multiple of - 
the is toa of m(for Pa 7, 27, ete. in 


— 
q 
4 
‘The 
— 


‘The guy stiffness becoming infinite i is explained 
partly by the fact that at or near resonance the amplitudes become large 
thereby invalidating the assumption, and partly by the 
_ absence of any damping terms that are bound to be present in the torn 
structure. In the parabolic case the introduction ofa “velocity- -damping” term 
——_ to keep the guy stiffness within: bounds near resonance, and the 
same is likely to be true of the catenary. It turns out 10 that in winds this this. 


velocity dam damping is mainly in origin 
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ANALYSIS OF STRUCTURES BY COMBINING RE REDUNDANTS# DANTS*# 


_ Discussion by Harold Lorsch 


HAROLD G. LORSCH, ! 12 M. ASCE.—The authors deserve the gratitude of 
3 all students and practitioners of structural analysis for their clear presen- 


7 interpretation of the method of choosing ‘Tedundants so as to transform the 
system of simultaneous equations (Eqs. 1) intoa series 0 of equations (Eqs. 2) 


involving ‘only one u unknown eat each, Mathematically, this is equivalent 


bur 


Ja ” The writer wonders whether the authors have investigated the problem of 
numerical accuracy that arises from such a procedure. Because the primary 
application of the method is in the field of numerical computation, an error 
analysis © and a comparison between errors occurring in standard matrix 
methods and the authors’ method may be in order. _ The writer analyzed the 
authors’ ’ illustrative example by simultaneous equations and obtained con-_ 
siderably different answers for the stresses in bars DE, HJ, DJ, EK, DH, and 
EJ. ‘They are caused by differences in the value of the vertical ‘reaction at 
_K, obtained by the two methods. Although it is realized that this reaction is 
extremely small under the given loading and that the discrepancies would 
probably be smaller if the authors had chosen more usual initial redundants, 


the possibility « exists that the proposed method results in poor numerical 


a January 1961, by R. Gillis and K. Gerstle (Proc. Paper 2712), ” 
12 Research Engr., Space Structures, Space Sciences Lab., General Electric 


Philadelphia, Pee 
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Sometimes it is desirable to determine the values of the 
for their own sake rather than as a means of solving for stresses throughout © 
the structure. This can be done by from Fig. 2or inversion 
ot of the matrix (Eq. 13). The resultis 


which the 1e are obtained by the recursion formula 


Sag 


etermi The writer would be interested 
al 
— 
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RE REC ‘ENT TRENDS IN ULTIMATE STRENGTH DESIGN@~ fot 


ba 
- BERWANGER. 8_The writer wishes to | point out a slight ht difference 7 a 


terminology from that at usually used in statistics. variance is normally 
considered to be the square of the standard deviation. inte standard deviation 


the coefficient of 
a _ The discussion of load factors is of spent interest to the writer, ‘It would 
‘seem to point to the possible use of separate factors of safety for the materials — 
used in a structure and for the loads that the structure is required to carry, 
The probabilities associated with these | two items are quite different and, 
sa should require a separate approach in establishing factors of safety, 


a The relationship, Fig. 9, between the specified strength | to be used “— : 


design and the actual concrete mix mean shown to 


in which V is the coefficient of variation. wee 
na When _ determining the water- cement ratio for a concrete mix based 7 4 


_ trial mixes, as specified in Section 302 of the Code, the mix mean strength 
_ ~wweod to determine this ratio is to be taken as 15% greater than the specified _ 
strength . Solving Eq. 2 results in a coefficient of variation of 10% that would — 
indicate a well-controlled mix. If the same computation is made for normal > 

concrete work, when no more than 10% of the tests may fall below 90% of the 
specified strength, the resulting coefficient of variation is 17%. This would | . 
only “fair” control if the values suggestedl2 by Stanton Walker, F. 

ASCE, for the coefficient of variation were used. 

_ From the foregoing, it can be seen that tacit assumptions have been made 
as | to the degree | of control for ultimate strength design as well as conven 
‘tional design. However, the Code at present makes no provision for the : situ- 


4 January 1961, by Phil M. Ferguson (Proc. Paper 2715), 
5 8 Asst. Prof. , Dept. of Civ. Engrg., Univ. of Manitoba, Winnipeg, Manitoba, Canada. 


9 Engineeri wy Albert H. Bowker & Gerald J. Lieberman, 

10 “The Relation lll Standard Deviation and Mean Strength of Test 
_ _ Cubes, ” by A. M. Neville, Magazine of Concrete Research, Vol. 11, No. 32, July, 1959. 
_ 11 “Size and Number of Samples and Statistical Considerations in Sampling,” by | 
William A. Cordon, ASTM Special Technical Publication, No. 169, 1956. 
“Application of of to Design of Concrete for Strength Specifi- 


cations,” 


— 
— 
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ations in which the coefficient of ‘eantatten may _— other than noted, ‘nor does an 
it spell out fully the degree of control required. This could be dangerous in Bs 
ultimate strength design if the load factors did not provide for this short- 
- coming and it is uneconomical in normal concrete work when a better degree — 
is possible, as in precast construction, 
In order to establish the mean | concrete mix strength, from a specified 
an, ae knowledge of the e expected value of the coefficient of variation | 
oy for the type of construction must be available. The use of trial mixes is one 
way of obtaining this information. However, this may not be practical in a_ 
- number of cases, and these small mixes ‘do not accurately represent the 
larger batches used in construction 


— would seem additional research in this area would be warranted to es- 


crete” construction, that is degree of elatteh, as well ; as its variation with 
mean mix strength, type of cement, and any additional significant factors. It 
would seem evident that some provisions are in the Code to 


more rational use of concrete ‘concrete materials, 
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STRENGTH AND DESIGN OF METAL BEAM- COLUMNS* 
r 
CEDRIC MARSH. _—The author states the for first 


7 If M’ is due to dy gy lateral loads plus the moment « due to the axial load 


@ 


in eek M is the app applied moment due to eanaie loads only. Thus, 


As this expresses in a simple manner the requirement for first ct 
there appears to be little need to replace Oy by o, in the first term, a device 
that has no physical meaning and requires the ir irrational tampering w we —_— 
Tn the case of eccentric axial load, ‘it is ‘ational to replace the ae : 
by an equivalent initial deflection of of k k _ This gives an lent initial 


“that can etal introduced directly int into Eq. 29, (A Fourier expansion ‘suggests a 
value of k equal to 4/7). This gives the extreme case when there is no applied 
moment andke,isinitialcrookedness, 

- Should Eq. 29 require modifying to adjust it to test results, then it is in the 

4 value of Ce where such adjustment ‘should be made. This would take account 

7 a the appropriate value of the tangent modulus and effective length, and their 
- influence Me the multiplication factor applied to the stress due to the ustment 


‘moment. — A shape factor as in Eq. 13 would be the on only | other adjustment re- 


April 1961, by Walter Austin (Proc. Paper 2802). 
Aluminum Co. of Canada, ‘Ltd., Montreal, Canada. 


— 
g 
ba) 
— 
— 


By using what is happening in the 
a column, it is possible to extend the treatment rationally to various types of 
member , such as latticed columns where o,, would be replaced by the buckling» 
stress for an individual chord and o, would be evaluated to take into account 
not only the tangent modulus but also shear deformation and non- uniform ied 
cross sections. ‘Tests show such a treatment to be valid and accurate. 

_ To recommend that the design expression derived from Fig. 4(b) be used 
for a column that could be designed by Fig. 4(a) appears to be taking simpli- 
fication too far. In the interests of economy, column buckling in the plane of 
the: » moments due to oblique end loads should be treated as such. a Nae eh 

_ The appeal of uniformity of treatment is no doubt strong, but to adopt a 
design expression that gives safe results for the most severe case can only 
lead to a loss of economy in many other cases. Perhaps at this stage of the 
«art such an approach is desirable, but where maximum economy is to be 


achieved we e sight of the of the 
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Proceedings « of the American Society of Civil Engineers 


“Static and Dynamic Analysis of Guy Cables” by Dor Donald L. Dean, January 1961, 
‘Paper 2 2708, 


4, line 1, and p. 5, line 5. (one) to 1 (ell) in the expressions. 


Delete the line 4 


When K <1, Eq. 2 6a is easier to use in the form | : : 
“Recent Trends in Ultimate Strength Design” by Phil M. Ferguson, January 

1961, Proc, Paper 2715. 


p59. 59. ~~ 2 of the next-to-the-last paragraph, change “medium of large” 7 
>: to“medium or large.” Inline 4of this same me paragraph, change “for s small” 


p. p. 65. “In Eq. 1 the entire —_ -hand side le of the equation should be enclosed 


Discussion by M. W. Kaufman, February 1961, Proc. Paper 2754, of “Tentative 
Recommendations for the Design and Construction of a Beams and 


for ‘Buildings, ” December 1960, ‘Proc. roc. Paper 2692. 


67. ‘In -the- last line of 1 “effecting” to 
. fecting. ” In line 2 of paragraph 2 replace “change” with ‘ “chance.” ail 
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